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x i i i
A b s t r a c t
The c a r b e n e  c h e m i s t r y  o f  t h i a z o l i u m  s a l t s  was demon­
s t r a t e d .  F i r s t ,  5 - c a r b e t h o x y - 3 , 4 - d i m e t h y l t h i a z o l i u m  i o d i d e  
T_ y i e l d e d  5 , 5 '  - b i c a r b e t h o x y - 3 , 3 ' ; 4 , 4 '  - b i - d i m e t h y l - A ^ *^ - b i -  
t h i a z o l i n e  8 .  T h i a z o l i u m  s a l t s  3 - b e n z y l - 5 - c a r b e t h o x y - 4 -  
m e t h y l t h i a z o l i u m  b r o m i d e  an d  3 - b e n z y l b e n z o t h i a z o l i u m  b r o ­
m ide  y i e l d e d  t h e  r e a r r a n g e d  d im e r s  2 - ( 5 - c a r b e t h o x y - 4 -  
m e t h y l t h i a z o l - 2 - y l ) - 5 - c a r b e t h o x y - 2 , 3 - d i b e n z y l - 4 - m e t h y l -  
t h i a z o l i d i n e  a n d  2 - ( b e n z o t h i a z o l - 2 - y l ) - 2 , 3 - d i b e n z y l b e n z o -  
t h i a z o l i n e ,  r e s p e c t i v e l y .  The O - t r i t y l  e t h e r ,  N - b e n z y l  
s a l t  o f  t h e  t h i a m i n e  t h i a z o l e  y i e l d e d  t h e  c o r r e s p o n d i n g  
r e a r r a n g e d  d i m e r .  I m p o r t a n t l y ,  t h i a m i n e  y i e l d e d  t h e  r e a r ­
r a n g e d  d im e r  ( c i s , t r a n s ) - 2 -  [5- ( 2 - h y d r o x y e t h y l )  - 4 - m e t h y l -  
t h i a z o l - 2 - y l ] - 2 , 3 - d i - [ ( 4 - a m i n o - 2 - m e t h y l p y r i m i d i n - 5 - y l )  
me t h y l ]  - 3 a - m e t h y l p e r h y d r o f u r o - ( 2 , 3 - d ) t h i a z o l e .  The m ech­
a n i s m  o f  r e a r r a n g e d  d im e r  f o r m a t i o n  i s  t h r o u g h  c a r b e n e  
d i m e r i z a t i o n  f o l l o w e d  by  a  1 , 3 - s i g m a t r o p i c  r e a r r a n g e m e n t  
o f  a b e n z y l  ( o r  a p y r i m l d i n y l - m e t h y l )  g r o u p .
S a l t  1_ r e a c t e d  w i t h  b e n z a l d e h y d e  i n  NEt^ t o  y i e l d  
2 - b e n z o y l - 5 - c a r b e t h o x y - 3 , 4 - d i m e t h y l - ( 2 - H ) - t h i a z o l i n e .
K e to n e  2 - b e n z o y l - 3 - m e t h y l b e n z o t h i a z o l i n e  23 r e a r r a n g e d  i n  
a c i d  t o  2 - ( 1 - h y d r o x y b e n z y l ) - 3 - m e t h y l b e n z o t h i a z o l i u m  
c h l o r i d e  24 .  S a l t  24 r e l e a s e d  b e n z a l d e h y d e  i n  p y r i d i n e ,
x i v
b u t  r e a r r a n g e d  t o  k e t o n e  23 i n  NEtg d e m o n s t r a t i n g  t h a t  
k e t o n e s  2 2  a n d  £3 a r e  s t a b l e  c a r b e n e  a d d i t i o n  p r o d u c t s .  
A d d i t i o n  o f  t h e  t h i a m i n e  c a r b e n e  t o  a l d e h y d e s  y i e l d s  t h e  
" a c t i v e  a l d e h y d e "  a n d  i t s  k e t o n e  i s o m e r  a s  t h e  k i n e t i c  
p r o d u c t s .  The i n t e r m e d i a c y  o f  t h e s e  p r o d u c t s  i s  demon­
s t r a t e d  by  t h e  i s o l a t i o n  o f  a c y l o i n  p r o d u c t s  a n d  t h e  c i s  
a n d  t r a n s  i s o m e r s  o f  HET k e t o n e  4 a n d  HBT k e t o n e  3 .  HET 
an d  HBT a r e  o b t a i n e d  o n l y  a f t e r  a c i d i f i c a t i o n  o f  t h e
r e a c t i o n  m i x t u r e ;  t h e  i n s t a b i l i t y  o f  HET u n d e r  t h e  c o n d i -
93t i o n  o f  t h e  M iz u h a ra  a c y l o i n  t e s t  an d  t h e  R i s i n g e r  
1 78p r e p a r a t i o n  was d e m o n s t r a t e d .
The C-2 H-D e x c h a n g e  o f  t h i a z o l i u m  s a l t s  s u g g e s t s  
t h a t  t h e  f u n c t i o n  o f  s u l f u r  i s  t o  s t a b i l i z e  t h e  c a r b e n e  
a n d  t h e  f u n c t i o n  o f  t h e  p y r i m i d i n y l  g ro u p  i s  a s  an  i n t r a ­
m o l e c u l a r  n u c l e o p h i l i c  c a t a l y s t .
x v
1. Introduction
T h ia m in e ,  a s  i t s  p y r o p h o s p h a t e  e s t e r  c o c a r b o x y l a s e ,  
i s  an  u b i q u i t o u s  coenzyme w h ic h  p l a y s  a  c e n t r a l  r o l e  i n  
i n t e r m e d i a r y  m e t a b o l i s m .  T h iam in e  p y r o p h o s p h a t e  (TPP) i s  
a  coenzyme o f  p y r u v a t e  d e h y d r o g e n a s e ,  t h e  enzyme w hich  
c a t a l y z e s  t h e  i r r e v e r s i b l e  c o n v e r s i o n  o f  g l u c o g e n i c  p y r u ­
v a t e  i n t o  l i p o g e n i c  a c e t y l  CoA ( F ig  1, p a g e  2, e q u a t i o n  i ) . 
The p r o d u c t  o f  t h i s  r e a c t i o n ,  a c e t y l  CoA, i s  t h e  e n t r a n c e  
m o l e c u l e  i n t o  t h e  e n e r g y - y i e l d i n g  TCA c y c l e  and  i s  a l s o  
a p r e c u r s o r  f o r  t h e  s y n t h e s i s  o f  l i p i d s .  T h ia m in e  p y r o ­
p h o s p h a t e  i s  a l s o  one o f  f i v e  coenzymes i n  a - k e t o g l u t a r a t e  
d e h y d r o g e n a s e ,  an  enzyme o f  t h e  K r e b ' s t r i c a r b o x y l i c  a c i d  
c y c l e  w h ich  c a t a l y z e s  t h e  c o n v e r s i o n  o f  a - k e t o g l u t a r a t e  
to  s u c c i n y l  CoA. A l s o ,  i n  t h e  i n t e r c o n v e r s i o n  o f  p e n t o s e ,  
h e x o s e ,  an d  h e p t o s e  s u g a r s ,  TPP i s  a  p r o s t h e t i c  g ro u p  o f  
t r a n s k e t o l a s e  o f  t h e  h e x o s e  m o n o p h o sp h a te  s h u n t  ( F i g  1, 
p a g e  2, e q u a t i o n  i i ) . T h i s  p a thw ay  i s  r e s p o n s i b l e ,  i n  a l l  
l i v i n g  s y s t e m s ,  f o r  t h e  p r o d u c t i o n  o f  b i o s y n t h e t i c  r e d u c i n g  
e q u i v a l e n t s  i n  t h e  fo rm  o f  NADPH a n d ,  i n d e p e n d e n t  o f  NADPH 
s y n t h e s i s ,  i s  r e s p o n s i b l e  f o r  t h e  s y n t h e s i s  o f  r i b o s e  
s u g a r s  n e c e s s a r y  f o r  t h e  b i o s y n t h e s i s  o f  n u c l e i c  a c i d s .
B e s i d e s  i t s  r o l e  i n  c a r b o h y d r a t e  s y n t h e s i s  and  o x i d a ­
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o x i d a t i o n  o f  t h e  b r a n c h e d - c h a i n  amino a c i d s .  I n  t h e  o x i ­
d a t i o n  o f  v a l i n e ,  l e u c i n e  and i s o l e u c i n e ,  TPP c a t a l y z e s  
t h e  o x i d a t i v e  d e c a r b o x y l a t i o n  o f  t h e  a - k e t o a c i d ,  w h ich  i s  
p r o d u c e d  by t h e  Bg d e a m i n a t i o n  o f  t h e  amino a c i d ,  t o  t h e  
c o r r e s p o n d i n g  CoA e s t e r  and  CO2  ( F ig  1, e q u a t i o n  i i i ) . I n  
r e l a t e d  p l a n t  b i o c h e m i s t r y ,  t h i a m i n e  h a s  b e e n  h y p o t h e s i z e d  
a s  a  coenzyme i n  t h e  s y n t h e s i s  o f  t e r p e n e s ,  s u c h  as  
b a k u c h i o l  an d  a r t e m i s i a  k e t o n e ,  i n  w h ic h  p a r t  o f  t h e  t e r ­
p e n o i d  s k e l e t o n  i s  d e r i v e d  f ro m  amino a c i d  d e g r a d a t i o n  
p r o d u c t s . T h ia m in e  p y r o p h o s p h a t e  d e p e n d e n t  enzymes a l s o  
c a t a l y z e  t h e  s y n t h e s i s  o f  a c e t a l d e h y d e , a c e t o l a c t a t e , and  
a c e t o i n  f ro m  p y r u v a t e  and t h e  p h o s p h o r o c l a s t i c  r e a c t i o n  
( F ig  1, e q u a t i o n  i v ) - - t h e s e  enzyme s y s t e m s  a r e  l o c a t e d  
p r i n c i p a l l y  i n  m i c r o - o r g a n i s m s  and  p l a n t s .
I n i t i a l  i n t e r e s t  i n  t h e  e t i o l o g y  o f  t h i a m i n e  d e f i ­
c i e n c y  i n  humans and  e x p e r i m e n t a l  a n i m a l s  h a s  l e d  t o  
i l l u c i d a t i o n  o f  t h e  i n v o l v e m e n t  o f  t h i a m i n e  i n  t h e  a f o r e ­
m e n t i o n e d  enzyme s y s t e m s .  Our p r e s e n t  kn o w led g e  o f  
t h i a m i n e  h a s  e v o l v e d  d u r i n g  t h e  l a s t  c e n t u r y  w i t h  t h e  
s i m u l t a n e o u s  i l l u c i d a t i o n  o f  i n t e r m e d i a r y  m e t a b o l i s m  
and  t h e  d e t e r m i n a t i o n  o f  t h e  s t r u c t u r e  and  f u n c t i o n  o f  
o t h e r  coenzym es .  The b i o l o g i c a l  d e s c r i p t i o n  o f  t h i a m i n e  
h a s  a l s o  l e d ,  b e g i n n i n g  i n  t h e  1 9 5 0 ' s ,  t o  s t u d i e s  i n t o  
t h e  b i o o r g a n i c  m echan ism  o f  t h i a m i n e  and  i t s  r e l a t e d  model 
s y s t e m  compounds.  The r e s e a r c h  r e p o r t e d  i n  t h i s  d i s s e r t a ­
t i o n  f u r t h e r  i n v e s t i g a t e s  t h e  c h e m i c a l  m echan ism  o f
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t h i a m i n e  i n  n o n - e n z y m a t i c  an d ,  by e x t e n s i o n ,  i n  e n z y m a t i c  
s y s t e m s .  We hav e  i m p o r t a n t  c h e m i c a l  d e t a i l s  w h ich  c r y s ­
t a l l i z e  c u r r e n t  t h e o r e t i c a l  c o n c e p t s  on  t h e  c a t a l y t i c  
m echan ism  o f  t h i a m i n e .  W ith  t h i s  p u r p o s e  i n  m ind ,  t h e  
i n t r o d u c t i o n  i n c l u d e s  a  c o m p r e h e n s i v e  r e v i e w  o f  i m p o r t a n t  
e v e n t s  i n  t h e  e x p e r i m e n t a l  d e s c r i p t i o n  o f  t h i a m i n e  i d e n t i ­
f i c a t i o n ,  p h y s i o l o g y ,  b i o c h e m i s t r y ,  an d  c h e m i s t r y  
a p p r o a c h e d  f ro m  p r i m a r i l y  a  h i s t o r i c a l  p e r s p e c t i v e .
B e r i - b e r i ,  a  d i s e a s e  c a u s e d  by v i t a m i n  d e f i c i e n c y  
and  c h a r a c t e r i z e d  by s p a s m o d ic  r i g i d i t y  and  p a r a l y s i s ,  was 
f i r s t  r e p o r t e d  i n  t h e  w r i t i n g s  o f  t h e  a n c i e n t  C h in e s e .
The s y s t e m a t i c  s t u d y  o f  t h e  d i e t a r y  n a t u r e  o f  b e r i - b e r i  
b e g a n  i n  t h e  1 8 0 0 ' s  w i t h  T a k a k i ,  t h e  s u r g e o n  g e n e r a l  o f  
t h e  J a p a n e s e  Navy. He d e m o n s t r a t e d  t h a t  b e r i - b e r i ,  a 
d i s e a s e  w h ic h  s a i l o r s  c o n t r a c t e d  on b o a r d  s h i p  d u r i n g  
e x t e n d e d  v o y a g e s ,  i s  p r e v e n t e d  by  p r o p e r  d i e t s .  I n  1880 
he  e s s e n t i a l l y  e r r a d i c a t e d  b e r i - b e r i  i n  h i s  f l e e t  by 
s w i t c h i n g  f rom  p o l i s h e d  r i c e  d i e t s  t o  one  w h ic h  i n c l u d e d  
b a r l e y ,  le g u m e s ,  and  s m a l l  q u a n t i t i e s  o f  m e a t .  S u b s e ­
q u e n t l y ,  i n  1897 E i jk m an  a c c i d e n t l y  d i s c o v e r e d  t h a t  
p i g e o n s  f e d  p o l i s h e d  r i c e  d e v e l o p e d  o p i s t h o t o n u s ,  a 
c h a r a c t e r i s t i c  r e t r a c t i o n  o f  t h e  h e a d .  He e q u a t e d  t h i s  
p o l y n e u r i t i c  symptom w i t h  human b e r i - b e r i  and  showed t h a t  
t h e  symptom d i d  n o t  o c c u r  when t h e  b i r d s  w ere  f e d  w ho le  
g r a i n  r i c e - - h e  t h u s  a t t r i b u t e d  t h e  d i s e a s e  t o  t h e  l a c k  o f  
a s u b s t a n c e  i n  t h e  d i e t .
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At t h e  t u r n  o f  t h e  c e n t u r y ,  Funk g e n e r a l i z e d  t h e  
r e s u l t s  o f  E i jk m an  and  o t h e r s  an d  b o l d l y  s u g g e s t e d  t h a t  
c e r t a i n  d i s e a s e s - - i n c l u d i n g  b e r i - b e r i ,  s c u r v y ,  r i c k e t s ,  
and  p e l l e g r a - - a r e  c a u s e d  by t h e  d i e t a r y  d e f i c i e n c y  o f  
" v i t a l  a m in e s "  o r  v i t a m i n s .  H is  g e n e r a l  t h e o r y ,  w hich  
s u g g e s t e d  t h a t  t h e s e  v i t a m i n s  h a v e  an  e s s e n t i a l  f u n c t i o n  
i n  a l l  o r g a n i s m s ,  s t i m u l a t e d  much c o n t r o v e r s y ,  and t h u s  
l e d  t o  t h e  e x t e n s i v e  s c i e n t i f i c  i n v e s t i g a t i o n s  i n t o  t h e  
i s o l a t i o n  an d  c h a r a c t e r i z a t i o n  o f  t h e s e  v i t a m i n s .
A p a p e r  o f  monum enta l  i m p o r t a n c e  i n  t h e  s t u d y  o f  B-̂  
d e f i c i e n c y  a p p e a r e d  i n  1926 when J a n s e n  and  D onath  
r e p o r t e d  t h e  p r e p a r a t i o n  o f  a c r y s t a l l i n e  v i t a m i n  B w h ich  
was a c t i v e  i n  t h e  p i g e o n  c u r a t i v e  t e s t . ^  T h e i r  i s o l a t i o n  
o f  B-ĵ  b e g a n  w i t h  t h e  g r i n d i n g  and  HC1 e x t r a c t i o n  o f  r i c e  
p o l i s h i n g s ,  f o l l o w e d  by a b s o r p t i o n  o f  t h e  v i t a m i n  and  
o t h e r  a m in es  o n t o  a c i d  c l a y  ( F u l l e r ' s  e a r t h ) ;  t h e s e  am ines  
w e re  r e l e a s e d  f ro m  t h e  a c i d  c l a y  by a  c o n c e n t r a t e d  b a r iu m  
h y d r o x i d e  s o l u t i o n  ( B a r y t a ) . A f t e r  a c i d i f i c a t i o n  o f  t h i s  
s o l u t i o n ,  t h e  v i t a m i n  was s y s t e m a t i c a l l y  f r a c t i o n a t e d  by 
p r e c i p i t a t i o n  w i t h  s i l v e r  s u l f a t e ,  p h o s p h o t u n g s t i c  a c i d ,  
and  p l a t i n u m  c h l o r i d e .  The f i n a l  p l a t i n u m  p r e c i p i t a t e  
was decom posed  w i t h  H2 S a n d ,  a f t e r  a c i d i f i c a t i o n  w i t h  HC1, 
t h e  c h l o r i d e  s a l t  o f  B^ was p r e c i p i t a t e d  f rom  a l c o h o l  and 
a c e to n e . " *  A f t e r  f o u r  m on ths  o f  l a b o r  t h e y  a c q u i r e d  t h r e e  
t o  f o u r  m i l l i g r a m s  o f  c r y s t a l l i n e  v i t a m i n  B^ p e r  100 kg 
o f  r i c e  b r a n .
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J a n s e n  and  Donath  c l a i m e d  t h e  i s o l a t i o n  o f  p u r e  
v i t a m i n  B ^ - - t h e i r  e l e m e n t a l  a n a l y s i s  c a l c u l a t e d  t o  
C6Hi o ON2 . A S u b s e q u e n t l y ,  von  Veen showed t h a t  t h e  p r e p ­
a r a t i o n  o f  J a n s e n  and D ona th  c o n t a i n e d  x a n t h i n e ,  g u a n i n e ,  
c h o l i n e  an d  o t h e r  b a s i c  m o l e c u l e s  a s  i m p u r i t i e s . ^  Between
1929 and  1933,  s e v e r a l  r e s e a r c h  g r o u p s ,  i n c l u d i n g  J a n s e n ,
7 8 9e t  a l ,  S e i d a l l  and  S m i th ,  von Veen,  and  W in d au s , e t
a l , ^  r e p o r t e d  im p ro v ed  p r o c e d u r e s  f o r  t h e  i s o l a t i o n  o f
v i t a m i n  B ^ , b u t  a l l  o f  t h e s e  w e re  b a s e d  on t h e  i n i t i a l
p r o c e d u r e  o f  J a n s e n  and  D o n a th .  I n  1932, W indaus ,
T s c h e s c h e ,  a n d  S h u l t z  r e p o r t e d  t h a t  v i t a m i n  B-̂  c o n t a i n e d
s u l f u r ,  a  f a c t  o v e r l o o k e d  by o t h e r  i n v e s t i g a t o r s ,  and
r e p o r t e d  t h e  c o r r e c t  e l e m e n t a l  a n a l y s i s ,  ^ 1 2 ^ 1 8 ^ 4 * ^ ^ 2 '
f o r  t h e  h y d r o c h l o r i d e  sa l t . '* '* ’ T h i s  e l e m e n t a l  a n a l y s i s
was c o n f i r m e d  upon d e d u c t i o n  o f  v i t a m i n  B ^ ' s  s t r u c t u r e .
The c h e m i s t r y  n e c e s s a r y  f o r  i l l u c i d a t i o n  o f  t h e  
s t r u c t u r e  o f  v i t a m i n  B^ a c c u m u l a t e d  s l o w l y  due to  t h e  
l a b o r  r e q u i r e d  f o r  i t s  i s o l a t i o n .  F i n a l l y ,  i n  1935, 
W i l l i a m s  r e p o r t e d  t h a t  t h e  v i t a m i n  was c l e a v e d  by sodium 
s u l f i t e  a t  pH 4 . 5  t o  5 . 0  i n  24 h o u r s  a t  room t e m p e r a ­
t u r e . ^  T h i s  c l e a v a g e  r e a c t i o n  y i e l d e d  two compounds 
( F i g  2, p a g e  7 ) :  compound 1, p a r t i a l l y  s o l u b l e  i n  w a t e r ,
h ad  t h e  e m p i r i c a l  f o r m u l a  CgHgN^SO^, and  compound 2, a 
c h l o r o f o r m - s o l u b l e  b a s i c  p r o d u c t ,  had  t h e  e m p i r i c a l  f o rm u la  
CgHgNSO. ^ ^  From pKa and  s p e c t r a l  p r o p e r t i e s  o f  compound 
1, W i l l i a m s ,  e t  a l ,  i d e n t i f i e d  i t ,  i n c o r r e c t l y ,  a s  2 - e t h y l -
Figure  2
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134 - a m i n o - 5 - p y r i m i d i n e - s u l f o n i c  a c i d .  Upon r e - e v a l u a t i o n  
o f  t h e i r  e a r l i e s t  p r o p o s e d  s t r u c t u r e s ,  b o t h  W i l l i a m s ^  and 
I m a i ^  c o n c l u d e d  f rom  s p e c t r o p h o t o m e t r i c  d a t a  t h a t  p r o d u c t
1 was a 2 , 5 - d i a l k y l - 4 - a m i n o - p y r i m i d i n e . I n  1936,  Grewe 
i d e n t i f i e d  t h i s  w a t e r  s o l u b l e  p r o d u c t  a s  2 - m e t h y l - 4 - a m i n o -
h y d r o x y e t h y l ) t h i a z o l e  I I I ; t h e  c h e m i s t r y  o f  t h i s  t h i a z o l e
i l l u s t r a t e s  t h e  c h e m i c a l  n a t u r e  o f  v i t a m i n  B- .̂ W i th  weak
o x i d a t i o n  i n  n i t r i c  a c i d ,  t h e  a r o m a t i c  n u c l e u s  r e m a i n s
i n t a c t  b u t  t h e  h y d r o x y e t h y l  s i d e - c h a i n  o x i d i z e s  w i t h
c l e a v a g e  to  y i e l d  4 - m e t h y l - 5 - c a r b o x y l t h i a z o l e  IV ( F ig  3,
page  8 ) . ^  Windaus r e p o r t s  i s o l a t i o n  o f  t h e  same p r o d u c t
18a f t e r  n i t r i c  a c i d  o x i d a t i o n  o f  v i t a m i n  . I n  s t r o n g  
o x i d i z i n g  s o l u t i o n ,  p o t a s s i u m  p e r m a n g a n a te  f o r  ex a m p le ,  
t h e  t h i a z o l e  n u c l e u s  decom poses  w i t h  t h e  p r o d u c t i o n  o f  
A l s o ,  compound 1 r e a c t s  w i t h  m e th y l  i o d i d e  t o  
form q u a r t e r n a r y  s a l t  V ( F i g  4, page  8) w h ich  c l e a v e s  i n  
a q u eo u s  l e a d  s a l t  s o l u t i o n  w i t h  p r o d u c t i o n .  The
1 65 - p y r i m i d y l - m e t h y l s u l f o n i c  a c i d  I_I. °
The c h l o r o f o r m - s o l u b l e  c l e a v a g e  p r o d u c t  2,  f i r s t  
i d e n t i f i e d  by C l a r k  and  G u r i n , ^  i s  4 - m e t h y l - 5 - (2 -
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a r o m a t i c  n u c l e u s  o f  t h e  t e r t i a r y  t h i a z o l e  i s  more s t a b l e  
t h a n  t h e  t h i a z o l i u m  s a l t  and  i s  t h u s  r e s i s t a n t  t o  l e a d  
s a l t  t r e a t m e n t  ( F i g  4 ) .
The b e h a v i o r  o f  t h e  t h i a z o l i u m  s a l t  V i n  b a s e  
t i t r a t i o n  a l s o  i l l u s t r a t e s  i t s  i n s t a b i l i t y .  D u r in g  t h e  
a d d i t i o n  o f  h y d r o x i d e  t o  an  aq u e o u s  s o l u t i o n  o f  t h e  s a l t ,  
t h e  i n i t i a l  s h a r p  i n c r e a s e  i n  pH i s  f o l l o w e d  by a g r a d u a l  
r e t u r n  t o  t h e  i n i t i a l  pH. T h i s  b e h a v i o r  p e r s i s t s  u n t i l  
two e q u i v a l e n t s  o f  b a s e  have  b ee n  a d d e d .  The b u f f e r i n g  
a c t i o n  o f  t h i a z o l i u m  s a l t s  i s  e x p l a i n e d  a s  f i r s t  f o r m a t i o n
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of Che basic hydroxide salt VI, followed by Che slow 
addition of the hydroxide ion to the C-2 position forming
e q u i v a l e n t  o f  b a s e  r e l e a s e s  t h e  f r e e  t h i o l  form V I I I .
Figure 5
K i n n e r s l e y ,  e t  a l ,  r e p o r t  t h a t  t h e  f r e e  t h i o l  fo rm  V I I I
and  l ^ S  e x t r u s i o n  a c c o u n t s  f o r  t h e  l e a d  s a l t  i n d u c e d  decom­
p o s i t i o n  o f  t h i a z o l i u m  s a l t  V ( F i g .  4 ) .
V i t a m in  B-̂  shows c h e m i c a l  p r o p e r t i e s  w h ich  d i s t i n g u i s h  
i t  a s  a t h i a z o l i u m  s a l t .  T h ia m in e  c h l o r i d e  shows a l a r g e  
b u f f e r  r e g i o n  w i t h  pKaav  = 9 . 3  w h ich  consumes two e q u i v a -
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l e n t s  o f  b a s e .  R. A. P e t e r s  d e m o n s t r a t e s  t h a t  s t r o n g  
b a s i c  s o l u t i o n  d e s t r o y s  10 t o  157. o f  t h i a m i n e - - d e t e r m i n e d ,  
a f t e r  r e a c i d i f i c a t i o n ,  by b i o l o g i c a l  a c t i v i t y  and  uv a b s o r -
b a n c e - - s u g g e s t i n g  i r r e v e r s i b l e  h y d r o l y s i s  o f  t h e  f r e e
22t h i o l  form.  W i l l i a m s ,  et: a l ,  r e p o r t  t h e  i s o l a t i o n  o f
1 Qp s e u d o - b a s e  V I I  ( F ig  5 ) .  N e u t r a l i z a t i o n  o f  t h e  s e c o n d




20r e l e a s e s  i n  warm aq u e o u s  s o l u t i o n  - - t h i s  r i n g  o p e n in g
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2 - m e t h y l - 4 - a m i n o - 5 - a m i n o i n e t h y l - p y r i m i d i n e  IX a f t e r  
h y d r o l y s i s  o f  B-  ̂ i n  c o n c e n t r a t e d  ammonia ( F i g  6 ) , ^  
p r o v i n g  t h a t  t h e  C - 5 - a l k y l - g r o u p  o f  t h e  p y r i m i d i n e
Figure 6 
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q u a t e r n i z e s  t h e  t h i a z o l e  r i n g .  I n  c o n f i r m a t i o n  o f  t h e s e  
f i n d i n g s ,  t h e  s p e c t r o p h o t o m e t r i c  d a t a  o f  Im a i  show t h a t  
t h e  q u a t e r n a r y  t h i a z o l i u m  and  p y r i m i d i n e  r i n g s  a r e  c o n ­
n e c t e d  v i a  a m e t h y l e n e  b r i d g e . ^  Thus ,  t h e  c h e m i c a l ,  
p h y s i c a l  and l a t e r  s y n t h e t i c  e v i d e n c e  s u p p o r t  t h e  s t r u c ­
t u r e  I  as  f i r s t  p r o p o s e d  by W i l l i a m s ^  an d  I m a i ^ .
S u b s e q u e n t  to  i t s  s t r u c t u r a l  i l l u c i d a t i o n ,  W i l l i a m s
and  C l i n e  r e p o r t e d  t h e  f i r s t  s y n t h e s i s  o f  v i t a m i n  B^. The
key  r e a c t i o n  i n  t h e i r  d i s c o n t i n u o u s  s y n t h e t i c  scheme
( F i g  7 ,  p ag e  11) i s  t h e  c o n d e n s a t i o n  o f  2 - m e t h y l - 4 - a m i n o -
5 - b r o m o m e t h y l - p y r i m i d i n e  h y d r o b ro m id e  X w i t h  4 - m e t h y l - 5 -
( 2 - h y d r o x y e t h y l ) - t h i a z o l e  LI t o  y i e l d  t h i a m i n e  b ro m id e
26 2 7h y d r o b ro m id e  I - B r - H B r . ’ A s e c o n d ,  u n i q u e ,  and  c o n ­
t i n u o u s  s y n t h e t i c  scheme o f  B^ was r e p o r t e d  by  Todd and 
B e r g e l  i n  1937.  The p r o b l e m a t i c  r e a c t i o n s ,  a s  i l l u s t r a t e d  
i n  F i g u r e  8 ( p a g e  1 1 ) ,  a r e  t h e  s y n t h e s i s  o f  4 - a m i n o - 5 -  
t h i o f o r m a m i d o m e t h y l - 2 - m e t h y l p y r i m i d i n e  X II  and  i t s
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c o n v e r s i o n  t o  t h e  r e q u i r e d  t h i a z o l i u m  s a l t .  These
two s y n t h e t i c  schemes r e m a i n  t h e  p r e f e r r e d  l a b o r a t o r y
and  i n d u s t r i a l  m e thods  f o r  t h e  s y n t h e s i s  o f  B^ and o t h e r
? 9t h i a z o l i u m  s a l t s .  y
C o i n c i d e n t  w i t h  t h e  e x p e r i m e n t a l  p r o c e d u r e s  l e a d i n g  
t o  t h e  i l l u c i d a t i o n  o f  ' s s t r u c t u r e ,  Kuhn and  Bar i s o ­
l a t e d  a  b l u e  f l u o r e s c e n t  m a t e r i a l  f rom  y e a s t  whose e m p i r i ­
c a l  f o r m u l a ,  C-^H-ĵ ON^S, s u g g e s t e d  t h a t  i t  was a d e r i v a -
30t i v e  o f  d i h y d r o t h i a m i n e . Th ioch rom e  X I I I , a s  i t  was 
l a t e r  named, was p r e p a r e d  by Kuhn and  V e t t e r  by f e r r i -  
c y a n i d e  o x i d a t i o n  o f  B^ ( F i g  9, p a g e  1 3 ) - - t h e  r e a c t i o n  
c o n d i t i o n s  w e re  m i l d ,  r e q u i r i n g  o n l y  two m i n u t e s  a t  room 
t e m p e r a t u r e  i n  b a s i c  s o l u t i o n . B a r g e r ,  e t  a l ,  s u g g e s t e d  
t h a t  t h i o c h r o m e  fo rm s  by a d d i t i o n  o f  t h e  C-4 p y r i m i d i n e -  
amino g r o u p  t o  t h e  e l e c t r o p o s i t i v e  C-2 p o s i t i o n  o f  t h e
t h i a z o l i u m  r i n g ,  f o l l o w e d  by d e p r o t o n a t i o n  and  o x i d a -
32t i o n .  Todd and  B e r g e l  p r o v e d  t h i s  s t r u c t u r e  by  t h e  
r e a c t i o n  o f  XIV and  XV i n  r e f l u x i n g  m e t h a n o l  w h ich  
y i e l d e d  a y e l l o w  c r y s t a l l i n e  compound i d e n t i c a l  w i t h  
n a t u r a l  t h i o c h r o m e  ( F i g  9, p a g e  1 3 ) ;  t h i s  n o t  o n l y  c o n ­
f i r m e d  i t s  B-̂  o r i g i n  b u t  a l s o  t h e  new ly  p r o p o s e d  s t r u c -  
t u r e  o f  t h i a m i n e .
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The p e r i o d  d u r i n g  w h ic h  t h e  i s o l a t i o n  and  c h e m i c a l  
n a t u r e  o f  t h e  a n t i n e u r i t i c  v i t a m i n  was b e i n g  i n v e s t i g a t e d  
was a l s o  m arked  by e x t e n s i v e  r e s e a r c h  i n t o  t h e  p h y s i o l o g y  
o f  a v i t a m i n o s i s  B- .̂ A v i t a m i n o t i c  r a t s  and  p i g e o n s  
showed a  c h a r a c t e r i s t i c  r i s e  i n  b l o o d  l a c t i c  and  p y r u v i c  
a c i d s ,  and  B^ a d m i n i s t r a t i o n  r e t u r n e d  t h e  l e v e l s  o f  t h e s e  
m e t a b o l i t e s  t o  n o r m a l . 3 3 -3 6  x h i s e f f e c t  o f  B^ a d m i n i s t r a ­
t i o n  was a c c o m p a n ie d  by t h e  c u r e  o f  p o l y n e u r i t i c  symptoms. 
I n  e x p e r i m e n t s  on m in c ed  t i s s u e s  f rom  a v i t a m i n o t i c  r a t s ,  
a v i t a m i n o s i s  B-̂  r e s u l t e d  i n  a  lo w e r e d  r e s p i r a t o r y  q u o t i e n t  
w h ic h  was r a i s e d  by B^ a d d i t i o n . ^  A n o th e r  p h y s i o l o g i c a l  
c h a r a c t e r i s t i c  o f  a v i t a m i n o s i s  B^ was a  d e c r e a s e d  g l u c o s e
t o l e r a n c e ;  p i g e o n s  d e v e l o p i n g  p o l y n e u r i t i s  symptoms s u r -
38v i v e d  l o n g e r  when f e d  a d i e t  r i c h  i n  l i p i d s ,  w h e re a s  
d e a t h  f o l l o w e d  a d i e t  r i c h  i n  c a r b o h y d r a t e s .  ? A l s o ,  
A r n o ld  and  E lv e h je m  d e m o n s t r a t e d  t h a t  low c a r b o h y d r a t e
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d i e t s  d e c r e a s e  t h e  r e q u i r e m e n t  o f  r a t s . ^ ®  These  
p h y s i o l o g i c a l  s t u d i e s ,  t a k e n  i n  t h e i r  e n t i r e t y ,  s u g g e s t e d  
t h a t  v i t a m i n  d e f i c i e n c y  c a u s e s  a g e n e r a l  d e f e c t  i n  
c a r b o h y d r a t e  m e t a b o l i s m  a t  t h e  l e v e l  o f  p y r u v a t e  o x i d a ­
t i o n . ^
I n  1931 B a r r o n  and  M i l l e r  showed t h a t ,  i n  b a c t e r i a l
s y s t e m s ,  two p r o d u c t s  o f  p y r u v a t e  o x i d a t i o n  a r e  a c e t i c  
/ 0
a c i d  a n d  CC>2 . L a t e r ,  t h e y  p a r t i a l l y  c h a r a c t e r i z e d  
p y r u v a t e  o x i d a s e ,  t h e  enzyme w h ic h  c a t a l y z e d  t h i s  r e a c ­
t i o n .  ^  I n  l i g h t  o f  t h e  p h y s i o l o g i c a l  s t u d i e s  on  t h e  
a c c u m u l a t i o n  o f  p y r u v a t e  i n  a v i t a m i n o s i s  B^ and  t h e  
l i m i t e d  b i o c h e m i c a l  s t u d i e s  w h ich  had  b e e n  r e p o r t e d ,
P e t e r s  h y p o t h e s i z e d ,  i n  1936,  t h a t  t h i a m i n e  i s  n e c e s s a r y  
a s  a coenzyme,  p e r h a p s  o f  p y r u v a t e  o x i d a s e ,  r e s p o n s i b l e  
f o r  t h e  f u r t h e r  m e t a b o l i c  o x i d a t i o n  o f  p y r u v a t e  t o  C C ^ . ^
I n  t h e  p e r i o d  f rom  1936 t o  1956 s e v e r a l  i m p o r t a n t  
e v e n t s  c a t a l y z e d  t h e  i l l u c i d a t i o n  o f  t h e  b i o c h e m i c a l  r o l e  
o f  t h i a m i n e  i n  c a r b o h y d r a t e  m e t a b o l i s m .  F i r s t ,  Lohman 
d i s c o v e r e d  t h a t  c o c a r b o x y l a s e  i s  t h e  p y r o p h o s p h a t e  e s t e r  
o f  t h i a m i n e .  S e c o n d l y ,  t h e  h y p o t h e s i s  o f  K r e b ' s  s u g g e s t e d  
t h a t  c a r b o h y d r a t e s  a r e  m e t a b o l i z e d  t h r o u g h  t h e  c i t r i c  a c i d  
c y c l e  a t  t h e  l e v e l  o f  p y r u v a t e .  L a s t l y ,  s e v e r a l  r e s e a r c h  
g r o u p s  d e m o n s t r a t e d  t h a t  p y r u v a t e  i s  o x i d a t i v e l y  d e c a r - 
b o x y l a t e d  by a  t h i a m i n e  p y r o p h o s p h a t e  r e q u i r i n g  enzyme 
s y s t e m  t o  a c e t y l  CoA, t h e  e n t r a n c e  m o l e c u l e  o f  t h e  TCA 
c y c l e .
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I n  1937 Lohman and  S c h u s t e r  r e p o r t e d  t h a t  c o c a r ­
b o x y l a s e  XVI, f i r s t  i s o l a t e d  by Auhasen  a s  t h e  h e a t  l a b i l e
o f  c o c a r b o x y l a s e ,  i t  was c o n v e r t e d  i n t o  t h i a m i n e  c h l o r i d e  
by r e m o v a l  o f  t h e  p y r o p h o s p h a t e  by f i r s t  l i g h t  a c i d  
t r e a t m e n t  t o  t h e  i n a c t i v e  m o n o p h o sp h a te ,  f o l l o w e d  by 
e n z y m a t i c  d e p h o s p h o r y l a t i o n  w i t h  t a k a p h o s p h a t a s e . C o c a r ­
b o x y l a s e  a l s o  y i e l d e d  t h e  p y r o p h o s p h a t e  o f  t h i o c h r o m e  XVII 
i n  a l k a l i n e  f e r r i c y a n i d e  s o l u t i o n .  L a s t l y ,  c o c a r b o x y l a s e  
was c l e a v e d  by s u l f i t e  t o  y i e l d  2 - m e t h y l - 4 - a m i n o - 5 -  
p y r i m i d y l - m e t h y l  s u l f o n i c  a c i d  I_I and  t h e  p y r o p h o s p h a t e  
e s t e r  o f  t h e  t h i a m i n e  t h i a z o l e  X V I I I , p r o v i n g  t h a t  t h e
p r o s t h e t i c  g r o u p  o f  c a r b o x y l a s e , ^ - *  i s  t h e  p y r o p h o s p h a t e  
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p y r o p h o s p h a t e  i s  e s t e r i f i e d  t o  t h e  5 - ( 2 - h y d r o x y e t h y l ) - 
s i d e  c h a i n  o f  t h e  t h i a z o l e  r i n g . ^
The b i o l o g i c a l  s i g n i f i c a n c e  o f  Lohman 's  d i s c o v e r y  
was i m m e d i a t e l y  r e c o g n i z e d .  I n  1937 Lipman r e p o r t e d  t h a t  
a c i d  w ashed  l a c t i c  a c i d  b a c t e r i a  r e q u i r e d  t h i a m i n e  p y r o ­
p h o s p h a t e  f o r  t h e  r e s u m p t i o n  o f  CO2  p r o d u c t i o n - - t h i a m i n e  
was n o t  e f f e c t i v e . ^ ®  Banga,  Ochoa,  and  P e t e r s  demon­
s t r a t e d  t h a t  f i n e l y  m in ce d  b r a i n  f rom  a v i t a m i n o t i c  B-̂  
p i g e o n s  showed a c a t a t o r u l i n  e f f e c t  ( i n c r e a s e d  r e s p i r a t o r y  
q u o t i e n t )  w i t h  t h e  a d d i t i o n  o f  t h i a m i n e  p y r o p h o s p h a t e  
e q u a l  t o  t h a t  o f  B^ a d d i t i o n . ^  A n a l y t i c a l  d a t a  soon  
showed t h a t  t h i a m i n e  p y r o p h o s p h a t e  was t h e  m a j o r  fo rm  o f  
B-̂  i n  a l l  t i s s u e s  s t u d i e d  an d  t h a t  t h e  f e e d i n g  o f  B-̂  
c a u s e d  a  m arked  i n c r e a s e  i n  r a t  l i v e r  c o c a r b o x y l a s e . ^ 0  
A f t e r  t h e  i s o l a t i o n  by P e t e r s  o f  an  a v i t a m i n o t i c  p i g e o n  
d i s p e r s i o n  i n  w h ic h  o n l y  t h i a m i n e  p y r o p h o s p h a t e  gave  a 
c a t a t o r u l i n  e f f e c t ,  i t  was a d e q u a t e l y  d e m o n s t r a t e d  t h a t  
c o c a r b o x y l a s e  i s  t h e  b i o l o g i c a l l y  a c t i v e  fo rm  o f  
t h i a m i n e . ^  By 1952,  t h i a m i n o - k i n a s e  enzymes w ere  i s o ­
l a t e d  f rom  y e a s t ^  a n d  r a t  l i v e r ^  w h ic h  c a t a l y z e d  t h e  
s y n t h e s i s  o f  t h i a m i n e  p y r o p h o s p h a t e  f rom  t h i a m i n e  and  
ATP. The r e a c t i o n  a p p a r e n t l y  i n v o l v e s  d i r e c t  p y r o p h o s -  
p h o r y l a t i o n  to  TPP and  AMP w i t h o u t  t h e  i n v o l v m e n t  o f  an  
i n t e r m e d i a t e  m o n o p h o sp h a te .
T h a t  t h i a m i n e  p y r o p h o s p h a t e  i s  a  p r o s t h e t i c  g ro u p  o f  
c a r b o x y l a s e ,  an enzyme f i r s t  r e p o r t e d  by N euberg  i n  1912
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f o r  i t s  a b i l i t y  t o  d e c a r b o x y l a t e  p y r u v a t e  t o  a c e t a l d e h y d e  
i n  a l c o h o l i c  f e r m e n t a t i o n , c o r r e l a t e d  w e l l  w i t h  i t s  
p r o p o s e d  r o l e  i n  t h e  o x i d a t i o n  o f  p y r u v a t e  t o  a c e t i c  a c i d .  
A d d i t i o n a l l y ,  i n  1939 Banga ,  e t  a^l, p r e p a r e d  d i a l y z e d  
b r a i n  d i s p e r s i o n s  i n  w h ic h  t h e  o x i d a t i o n  o f  p y r u v a t e ,  
m e a s u re d  a s  CO2  e v o l u t i o n ,  was i n c r e a s e d  by  t h e  a d d i t i o n  
o f  TPP ( t h i a m i n  was n o t  e f f e c t i v e ) ,  a  f o u r  c a r b o n  d i c a r ­
b o x y l  i c  a c i d ,  and i n o r g a n i c  p h o s p h a t e . ^  B a r r o n  and 
Lyman a l s o  showed t h a t  B^ d e f i c i e n c y  c a u s e d  a d e c r e a s e
i n  c i t r a t e  s y n t h e s i s  i n  t i s s u e  p r e p a r a t i o n s  f rom  
5 fi- S8r a t s  - - a c c o r d i n g  to  t h e  t h e o r y  o f  K r e b ' s ( f i r s t  p r o ­
p o s e d  i n  1937) c i t r a t e  i s  p r o d u c e d  f rom  t h e  f o u r  c a r b o n  
d i c a r b o x y l i c  a c i d  o x a l o a c e t a t e  an d  an  unknown d e r i v a t i v e  
o f  p y r u v a t e .  Thus ,  by 1948 ,  e x p e r i m e n t a l  e v i d e n c e  s u g ­
g e s t e d  t h a t  v i t a m i n  B^ was a  r e q u i r e d  coenzyme f o r  b o t h  
t h e  c o n v e r s i o n  o f  p y r u v a t e  t o  a c e t i c  a c i d  and  t h e  d i s m u t a -  
t i o n  o f  p y r u v a t e  i n t o  t h e  o x i d a t i v e  TCA c y c l e .
The p y r u v a t e  o x i d a t i o n  p r o d u c t  w h ic h  e n t e r s  t h e  TCA 
c y c l e  was n o t  i d e n t i f i e d  a s  a c e t y l  CoA u n t i l  1951.  I n  
1947 Lipman r e p o r t e d  t h a t  t h e  Coenzyme o f  A c e t y l a t i o n ,
CoA, i s  a  p a n t o t h e n i c  a c i d  d e r i v a t iv e ® ®  w h ich  was r e q u i r e d  
f o r  t h e  a c e t y l a t i o n  o f  a r o m a t i c  am in es  d u r i n g  t h e i r  d e t o x i ­
f i c a t i o n  and  a l s o  f o r  t h e  a c e t y l a t i o n  o f  c h o l i n e  i n  r a t  
b r a i n  e x t r a c t s . r S t e r n  and  O c h o a , a n d  O lso n  and 
S t a r e , u t i l i z i n g  c e l l - f r e e  s y s t e m s  f rom  p i g e o n  b r e a s t  
and  E. c o l i ,  d e m o n s t r a t e d  t h a t  c i t r a t e  s y n t h e s i s  f rom
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o x a l o a c e t a t e  and  a c e t a t e  a l s o  r e q u i r e d  CoA as  w e l l  a s  
A T P . ^  I n  1949 Lynen,  e t  a l ,  i s o l a t e d  a c e t y l  CoA from 
t h e s e  c e l l - f r e e  s y s t e m s  and  c h a r a c t e r i z e d  i t  a s  t h e  h i g h -  
e n e r g y  t h i o l  e s t e r  o f  a c e t a t e . ^  I n  1951 Ochoa, e t  a l ,  
d e m o n s t r a t e d  t h a t  L y n e n ' s  a c e t y l  CoA s u b s t i t u t e d  f o r  t h e  
a ce ta t e -A T P -C o A  m i x t u r e  i n  t h e  e n z y m a t i c  s y n t h e s i s  o f  
c i t r a t e  f rom  o x a l o a c e t a t e ,  p r o v i n g  t h a t  a c e t y l  CoA i s  an 
i n t e r m e d i a t e  i n  t h i s  e n z y m a t i c  c o n v e r s i o n . ^
I n  1952 L i t t l e f i e l d  and  S a n a d i  i s o l a t e d  a c e t y l - C o A  
from a  p i g e o n - b r e a s t  p y r u v a t e  o x i d a s e  s y s t e m  w h ic h  r e q u i r e d  
t h i a m i n e  p y r o p h o s p h a t e ,  NAD and CoA.^® S u b s e q u e n t l y ,  t h i s  
p y r u v a t e  d e h y d r o g e n a s e  was i s o l a t e d  a s  a  l a r g e  m o l e c u l a r  
w e i g h t  e n z y m e - - a p p r o x i m a t e l y  4 m i l l i o n  d a l t o n  a s  e s t i m a t e d  
by s e d i m e n t a t i o n  and  d i f f u s i o n  c o e f f i c i e n t  a n a l y s i s . ^ ^  
T h i s  enzyme s y s t e m ,  shown t o  c o n t a i n  a  f l a v i n  p r o s t h e t i c
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g ro u p  and  bound l i p o i c  a c i d ,  ’ ’ r e q u i r e d  t h i a m i n e
p y r o p h o s p h a t e  f o r  t h e  o x i d a t i o n  o f  p y r u v a t e  t o  a c e t i c  a c i d
i n  t h e  p r e s e n c e  o f  a r t i f i c i a l  e l e c t r o n  a c c e p t o r s . ^
I m p o r t a n t l y ,  i n  t h e  p r e s e n c e  o f  t h i a m i n e ,  HSCoA, and
NAD t h i s  enzyme o x i d a t i v e l y  d e c a r b o x y l a t e d  p y r u v a t e  t o  
72 73a c e t y l  CoA. ’ The i s o l a t i o n  o f  t h e s e  enzyme s y s te m s  
f i n a l l y  d e m o n s t r a t e d  t h e  c e n t r a l  r o l e  o f  t h i a m i n e  i n  t h e  
o x i d a t i o n  o f  c a r b o h y d r a t e s  t h r o u g h  t h e  TCA c y c l e  a s  f i r s t  
s u g g e s t e d  by P e t e r s  i n  1932.
The b i o c h e m i c a l  m echan ism  o f  t h e  p y r u v a t e  d e h y d r o ­
g e n a s e  com plex ,  f r a c t i o n a t e d  i n t o  3 enzyme s y s t e m s  by
19
7 8Reed, £ t  a l ,  i n  1960,  i n v o l v e s  a com plex  s e r i e s  o f  f i v e
e n z y m a t i c  c o n v e r s i o n s .  The f i r s u  enzyme,  p y r u v a t e  d e c a r ­
b o x y l a s e ,  c a t a l y z e s  t h e  d e c a r b o x y l a t i o n  o f  p y r u v a t e  t o  an 
enzyme bound T P P - a c e t a l d e h y d e  i n t e r m e d i a t e  ( s e e  F i g u r e  11, 
page  2 0 ) .  ’ I n  t h e  p r e s e n c e  o f  t h e  s e c o n d  enzyme,
d i h y d r o l i p o y l  t r a n s a c e t y l a s e  w h ic h  c o n t a i n s  bound l i p o i c  
a c i d  r e s i d u e s ,  t h e  T P P - a c e t a l d e h y d e  a d d u c t  o x i d i z e s  w i t h  
t h e  p r o d u c t i o n  o f  a c e t y l  CoA and  d i h y d r o l i p o i c  a c i d .  As 
f i r s t  s u g g e s t e d  by G u n s a lu s ,  t h i s  r e a c t i o n  i n v o l v e s  t h e  
r e d u c t i v e  a c e t y l a t i o n  o f  l i p o i c  a c i d  t o  S - a c e t y l  d i h y d r o -  
l i p o a t e ,  f o l l o w e d  by t r a n s f e r  o f  t h e  a c e t y l  g ro u p  to
7 0  on Q *1
CoA. ’ ’ The t h i r d  enzyme,  d i h y d r o l i p o y l  d e h y d r o ­
g e n a s e ,  r e o x i d i z e s  d i h y d r o l i p o y l  to  l i p o i c  a c i d ;  t h i s  
o x i d a t i o n  i n v o l v e s  f i r s t  t h e  r e d u c t i o n  o f  FAD w i t h  s u b s e ­
q u e n t  e l e c t r o n  t r a n s f e r  t o  NAD ( e q u a t i o n  i v  and  v ,
F i g u r e  l l ) . 7 4
The r e s e a r c h  w h ich  l e d  t o  i l l u c i d a t i o n  o f  t h e  b i o ­
c h e m i c a l  m echanism o f  p y r u v a t e  d e h y d r o g e n a s e  was accom­
p a n i e d  by t h e  i s o l a t i o n  o f  o t h e r  t h i a m i n e  p y r o p h o s p h a t e
d e p e n d e n t  enzym es .  Examples  i n c l u d e  t h e  i s o l a t i o n  o f
82 83a - k e t o g l u t a r a t e  d e h y d r o g e n a s e  com plex  ’ and  t h e  p a r t i a l  
p u r i f i c a t i o n  and  c h a r a c t e r i z a t i o n  o f  t r a n s k e t o l a s e  f rom
QA O 7
b a c t e r i a l  and  mammalian s y s t e m s .  ” A l t h o u g h  t h e  f u n c ­
t i o n  o f  t h e s e  enzymes i n  i n t e r m e d i a r y  m e t a b o l i s m  was 
r e s o l v e d ,  t h e s e  enzyme s t u d i e s  d i d  n o t  l e a d  t o  t h e  i l l u ­
c i d a t i o n  o f  t h e  c h e m i c a l  mechanism  o f  t h i a m i n e  and gave  no
20
Figure 11
TPP +  CH3 TPP-aceta ldehyde +  C02
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I n s i g h t  i n t o  t h e  c h e m i c a l  n a t u r e  o f  t h e  T P P - a c e t a l d e h y d e  
a d d u c t  ( e q u a t i o n s  i  and i i ,  F i g u r e  1 1 ) .  The d e t a i l s  o f  
t h i a m i n e  c h e m i s t r y  w e re  s u b s e q u e n t l y  i l l u c i d a t e d  t h r o u g h  
t h e  s t u d y  o f  n o n - e n z y m a t i c  model  s y s t e m s .
The f i r s t  p r o p o s a l  f o r  t h e  c h e m i c a l  m echanism  o f  
t h i a m i n e  a c t i o n  was p u b l i s h e d  by L an g en b eck  i n  1939 
b e f o r e  t h e  s t r u c t u r e  o f  v i t a m i n  B-̂  was known. From model 
s y s t e m s  on t h e  d e c a r b o x y l a t i o n  o f  p y r u v a t e  by a l i p h a t i c  
am in es ,  he p r o p o s e d  t h a t  w ou ld  c o n t a i n  an  amine w h ic h
O Q
w ould  be  t h e  a c t i v e  s i t e . 0 0  A l th o u g h  h i s  p r e d i c t i o n  was 
c o r r e c t ,  S t e r n  and  M e ln i c k  showed t h a t  t h e  p y r i m i d i n e  
amino i s  n o n - r e a c t i v e - - i t  c a n n o t  be  a c e t y l a t e d  by k e t e n e - -  
and  d o e s  n o t  d e c a r b o x y l a t e  p y r u v a t e  u n d e r  t h e  r e a c t i o n
on
c o n d i t i o n s  r e p o r t e d  by L a n g en b eck .  A n o t h e r  m echanism  
was p r o p o s e d  i n  1946 by Kormes and  V i s c o n t i n - - t h e y  p r o ­
p o s e d  t h a t  t h e  f r e e  t h i o l  fo rm  o f  B^ was t h e  a c t i v e
on
c e n t e r .  By t h e i r  m echan ism ,  t h e  t h i o l  r e a c t e d  w i t h
p y r u v a t e  t o  fo rm  a t h i o l - k e t a l  w h ic h  d e c a r b o x y l a t e d  and
o x i d i z e d  t o  S - a c e t y l  t h i a m i n e  o r  r e a c t e d  w i t h  a s e c o n d
p y r u v a t e  t o  a - a c e t o l a c t a t e .  However,  T a k e u c h i ,  e t  a l ,
d e m o n s t r a t e d  t h a t  f r e e  t h i o l s ,  i n c l u d i n g  c y s t e i n e ,  t h i o -
g l y c o l i c  a c i d ,  and  0 , S - d i a c e t y l  t h i a m i n e ,  w ere  u n a b l e  to
91c a t a l y z e  t h e  d e c a r b o x y l a t i o n  o f  p y r u v a t e .
I n  1943 Ugai  d e m o n s t r a t e d  a n o n - e n z y m a t i c  s y s t e m  
w h ic h  u t i l i z e d  t h i a z o l i u m  s a l t s  i n  t h e  s y n t h e s i s  o f  f u r o i n  
and  b e n z o i n  from f u r f u r a l d e h y d e  and  b e n z a l d e h y d e ,
22
respectively (Figure 12, page 23, equations i and ii).
B e s i d e s  t h i a m i n e ,  N - b e n z y l t h i a z o l i u m  b ro m id e  was an  e f f e c -  
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t i v e  c a t a l y s t .  I n  1950,  M iz u h a ra  r e p o r t e d  c o n d i t i o n s ,
u t i l i z i n g  t h e  s y s t e m  o f  U g a i , f o r  t h e  maximum r a t e  o f  t h e
t h i a m i n e  c a t a l y z e d  s y n t h e s i s  o f  a c e t o i n  f rom  a c e t a l d e h y d e
93 94an d  p y r u v a t e  ( F i g u r e  12,  p ag e  23 ,  e q u a t i o n  i i i ) . ’
T h i s  s y s t e m  a l s o  c a t a l y z e d  t h e  c l e a v a g e  o f  b i a c e t y l  i n  t h e
p r e s e n c e  o f  a c e t a l d e h y d e  t o  a c e t i c  a c i d  and  a c e t o i n
( F i g u r e  12, p ag e  23 ,  e q u a t i o n  i v ) . ^ 5  Thus t h e  n o n -
e n z y m a t i c  s y s t e m  o f  M iz u h a ra  c a t a l y z e d  s e v e r a l  r e a c t i o n s
Qfi Q7 Qfio f  t h i a m i n e  i m p o r t a n t  i n  e n z y m a t i c  s y s t e m s  * * and
t h u s  p r o v i d e d  a r e a s o n a b l e  s y s t e m  f o r  t h e  s t u d y  o f  i t s  
m echan ism .
M i z u h a r a ' s  s t a n d a r d  c o n d i t i o n s  r e q u i r e d  t h e  a n a e r o b i c  
i n c u b a t i o n  o f  t h i a m i n e  c h l o r i d e  h y d r o c h l o r i d e  and  two 
e q u i v a l e n t s  o f  b a s e  i n  t h e  p r e s e n c e  o f  e q u a l  amounts  o f  
a c e t a l d e h y d e  and  p y r u v a t e .  S i n c e  t h e  pH o f  t h i s  r e a c t i o n  
m i x t u r e  i s  8 . 4 ,  w h ic h  i s  t h e  pKa f o r  f o r m a t i o n  o f  t h e  
p s e u d o - b a s e  fo rm  o f  t h i a m i n e ,  he  p r o p o s e d  an  u n r e a s o n a b l e  
mechanism  i n  w h ic h  t h e  t e r t i a r y  n i t r o g e n  o f  t h e  p s e u d o ­
b a s e  was t h e  a c t i v e  c e n t e r .  As an  a l t e r n a t i v e  p r o p o s a l ,  
B re s lo w  s u g g e s t e d  t h a t  t h e  m e t h y l e n e  b r i d g e  b e tw e e n  t h e
QQ
t h i a z o l i u m  and  p y r i m i d i n e  r i n g s  was t h e  a c t i v e  c e n t e r .
By t h i s  mechanism  ( F i g u r e  13, p a g e  2 4 ) ,  d e p r o t o n a t i o n  o f  
t h e  m e t h y l e n e  p r o t o n  y i e l d e d  a  z w i t t e r i o n  XIX w h ic h  
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r e a r r a n g e m e n t  o f  t h e  a d d i t i o n  p r o d u c t  ( F i g u r e  13, e q u a t i o n
i i )  t h e  a d d u c t  d e c a r b o x y l a t e d  an d  r e l e a s e d  a c e t a l d e h y d e  
w i t h  t h e  r e g e n e r a t i o n  o f  t h i a m i n e  ( F i g u r e  13,  e q u a t i o n
i i i ) .  However ,  In g ra h a m  and  W e s th e im e r  d i s p r o v e d  t h i s  
m echanism  by showing  t h a t  when t h e  a c y l o i n  c o n d e n s a t i o n  was 
p e r f o r m e d  i n  D2 O t h e r e  was no i n c o r p o r a t i o n  o f  d e u t e r i u m  
i n t o  t h e  m e t h y l e n e  b r i d g e  .
25
The a c t u a l  s i t e  o f  t h i a m i n e  r e a c t i v i t y  i s  t h e  C-2 
p o s i t i o n  o f  t h e  t h i a z o l i u m  r i n g .  B re s lo w  d e m o n s t r a t e d  
t h a t  t h e  C-2 p r o t o n  o f  t h i a z o l i u m  s a l t  XX i s  a c i d i c  and 
r a p i d l y  e x c h a n g e s  w i t h  s o l v e n t  d e u t e r i u m - - h i s  model  s y s t e m ,  
3 - b e n z y l - 4 - m e t h y l - t h i a z o l i u m  b ro m id e  XX ( F i g u r e  14 ) ,  
e x c h a n g e s  w i t h  a  h a l f - l i f e  o f  a b o u t  2 0  m i n u t e s  a t  room
i s :  1) t h e  l o s s  o f  t h e  p r o t o n  s i g n a l  a t  6  9 . 7  i n  t h e  nmr
s p e c t r u m  c o r r e s p o n d i n g  t o  l o s s  o f  t h e  C-2 p r o t o n ,  2) t h e  
a p p e a r a n c e  o f  an  i n t e n s e  band  a t  4 .5 y  i n  t h e  IR  s p e c t r u m  o f  
XX r e p r e s e n t i n g  i n c o r p o r a t i o n  o f  d e u t e r i u m  a t  t h e  e l e c t r o ­
p o s i t i v e  C-2 p o s i t i o n  an d  3) t h e  l o s s  o f  t h e  C-H b e n d in g  
v i b r a t i o n  a t  l i p  c h a r a c t e r i s t i c  f o r  l o s s  o f  t h e  C-2 h y d r o ­
g e n .  A s i m i l a r  e x c h a n g e  r e a c t i o n  was a l s o  r e p o r t e d  f o r
103
t h i a m i n e  and  l a t e r  c o n f i r m e d  by  D e t a r  and  W e s th e im e r ,
B r e s lo w  c o n c l u d e s  t h a t  t h e  f a c i l e  e x c h a n g e  o f  t h e  C-2
h y d r o g e n  i n d i c a t e s  i n t e r m e d i a t e  f o r m a t i o n  o f  an a n i o n  XXI
104a t  C-2 ( F i g u r e  15, p a g e  2 6 ) .  He a s c r i b e s  t h e  s t a b i l i t y  
o f  t h i s  a n i o n  t o  t h r e e  e l e c t r o n i c  f a c t o r s .  F i r s t ,  t h e
Figure  14
XX- Br XX(d)-Br“
102t e m p e r a t u r e  i n  n e u t r a l  D2 O. H is  p r o o f  f o r  t h e  e x c h a n g e
26




s p 2  h y b r i d i z a t i o n  o f  t h e  C-2 c a r b o n  i n c r e a s e s  i t s  a b i l i t y  
t o  s t a b i l i z e  a  n e g a t i v e  c h a r g e ;  f o r  ex a m p le ,  t h e  sp 
h y b r i d i z a t i o n  o f  b o t h  a c e t y l e n e  and c y a n i d e  i n c r e a s e s  
t h e  a c i d i t y  o f  t h e  C-H bond ,  and ,  c o n s e q u e n t l y ,  t h e  h y d r o ­
gen  e x c h a n g e s  w i t h  s o l v e n t  d e u t e r i u m  i n  b a s i c  s o l u t i o n .  
S e c o n d l y ,  t h e  n e g a t i v e  c h a r g e  i s  s t a b i l i z e d  by  t h e  p o s i t i v e  
c h a r g e  on t h e  a d j a c e n t  q u a t e r n a r y  n i t r o g e n .  As an exam­
p l e ,  i t  i s  w e l l  known t h a t  q u i n a l d i c  a c i d  XXII ( F i g u r e  16) 
u n d e r g o e s  an  i r r e v e r s i b l e  d e c a r b o x y l a t i o n  t o  q u i n o l i n e  a t  
146°C w i t h  a  h a l f  l i f e  o f  35 m i n u t e s ,  and  t h e  m echanism 
a p p a r e n t l y  i n v o l v e s  f o r m a t i o n  o f  t h e  i n t e r m e d i a t e  z w i t e r i o n  
X X I I I . L a s t l y ,  B re s lo w  s u g g e s t s  t h a t  t h e  c a r b e n e
Figure 16
O
~ C ° 2 >
XXII XXIII qu ino l ine
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s t r u c t u r e  XXIV ( F i g u r e  17) can  c o n t r i b u t e  to  t h e  s t a b i l i t y  
o f  t h e  z w i t t e r i o n  XXI ( F i g u r e  1 7 ) .  As a model  s y s t e m  he 
i l l u s t r a t e s  t h a t  i s o n i t r i l e s  e x i s t  p r e d o m i n a t e l y  i n  t h e  
c a r b e n e  r a t h e r  t h a n  t h e  y l i d e  s t r u c t u r e .
a n a l o g o u s  t o  t h e  L a p w o r th  m echan ism  f o r  t h e  c y a n i d e  i o n
z w i t t e r i o n  XXV ( F i g u r e  18,  p a g e  28,  e q u a t i o n  i )  w h ich  
r e a c t s  w i t h  b e n z a l d e h y d e  t o  y i e l d  an  u n s t a b l e  2 - h y d r o x y -  
b e n z y l t h i a z o l i u m  s a l t  XXVI ( F i g u r e  18,  p a g e  28 ,  e q u a t i o n  
i i ) . D e p r o t o n a t i o n  o f  t h e  C2« p r o t o n  ( e q u a t i o n  i i i )  y i e l d s  
an a c t i v e  a l d e h y d e  XXVII ( e q u a t i o n  i i i )  w h ic h  r e a c t s  w i t h  
a s e c o n d  m o l e c u l e  o f  b e n z a l d e h y d e  ( e q u a t i o n  i v )  f o l l o w e d  
by r e l e a s e  o f  b e n z o i n  and  t h e  z w i t t e r i o n  XXV ( e q u a t i o n  v ) . 
B re s lo w  f u r t h e r  p r o p o s e s  t h a t ,  b o t h  c h e m i c a l l y  and  i n  t h e  
M izu h a ra  t e s t ,  t h e  a d d i t i o n  o f  t h e  d e p r o t o n a t e d  C-2 o f  
t h i a m i n e  XXV t o  p y r u v a t e ,  f o l l o w e d  by  d e c a r b o x y l a t i o n  and  
r a p i d  p r o t o n a t i o n  o f  t h e  a c t i v e  a l d e h y d e  XXIX, l e a d s  t o
Figure 17
XXI XXIV
B r e s lo w  s u g g e s t e d  a  m echan ism  by  w h ic h  t h e  t h i a m i n e  
z w i t t e r i o n  c a t a l y z e s  t h e  a c y l o i n  condensation*-®-* w h ic h  i s
c a t a l y z e d  c o n d e n s a t i o n .  *-®^* *-®̂  D e p r o t o n a t i o n  y i e l d s  a
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h y d r o x y e t h y l  t h i a m i n e  XXX ( F i g u r e  1 9 ) . ^ ^  B re s lo w  demon­
s t r a t e s  t h a t  2 - ( 1 - h y d r o x y a l k y l ) - t h i a z o l i u m  d e r i v a t i v e s  a r e  
u n s t a b l e - - 2 - ( l - h y d r o x y b e n z y l ) - 3 , 4 - d i m e t h y l t h i a z o l i u m  
i o d i d e  XXXI r e l e a s e s  b e n z a l d e h y d e  i n  h o t  p y r i d i n e  i n  20 
m i n u t e s  ( F i g u r e  2 0 ) .  However,  M ie y a l ,  e t  a l ,  d e m o n s t r a t e s  
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30
b e n z a l d e h y d e  w i t h  a  h a l f  l i f e  o f  1 0  h o u r s ,  w h e re a s  t h e  
h y d r o x y e t h y l  d e r i v a t i v e  ( XXX, F i g u r e  19) i s  more s t a b l e  
t o  r e l e a s e  i n  aq u eo u s  s o l u t i o n . -*-09 Thus ,  a l t h o u g h  u n s t a ­
b l e ,  t h e  2 - ( 1 - h y d r o x y a l k y l ) - t h i a m i n e  d e r i v a t i v e s  a r e  i s o -  
l a t a b l e  i n t e r m e d i a t e s  a c c o r d i n g  t o  B r e s l o w ' s  r e a c t i o n  
s chem e.
A l a r g e  amount o f  b i o c h e m i c a l  e v i d e n c e  a c c u m u l a t e d
w h ich  p r o v e d  t h a t  t h e  C-2 p o s i t i o n  i s  t h e  a c t i v e  c a t a l y t i c
c e n t e r .  F i r s t ,  K r a m p i tz  and h i s  c o l l e a g u e s  i n d i r e c t l y
s y n t h e s i z e d  h y d r o x y e t h y l  t h i a m i n e  (XXX, F i g u r e  19) and
showed t h a t  i t  h a s  80% o f  t h e  g r o w th  p r o m o t i n g  a c t i v i t y
o f  t h i a m i n e  i n  t h e  L a c t o b a c i l l u s  f e r m e n t i  a s s a y .
I n  e n z y m a t i c  s t u d i e s ,  HET r e a c t i v a t e d  a p o c a r b o x y l a s e , and
- a c e t a l d e h y d e  was r e l e a s e d  f rom  2 - ( 1 - C ^ h y d r o x y e t h y l )  -
t h i a m i n e  c h l o r i d e  when i n c u b a t e d  w i t h  i n a c t i v e  apoenzyme
111( b o t h  r e a c t i o n s  r e q u i r e d  an  a c t i v e  t h i a m i n o - k i n a s e ) .
I n  1960 C a r l s o n  and  Brown r e p o r t e d  t h a t  E.  c o l i  c e l l s
y i e l d ,  a f t e r  a c i d  e x t r a c t i o n  and  d e p h o s p h o r y l a t i o n ,  2 - ( 1 -
h y d r o x y e t h y 1 ) - t h i a m i n e  w h ic h  r e p r e s e n t e d  25% o f  t h e  t o t a l
112c e l l u l a r  t h i a m i n e  c o n t e n t .  F i n a l l y ,  t h e  i n c u b a t i o n  o f
s u b s t r a t e  l e v e l s  o f  a p o c a r b o x y l a s e  w i t h  t h i a m i n e  p y r o ­
p h o s p h a t e  and  p y r u v a t e  y i e l d e d ,  a f t e r  a c i d i f i c a t i o n ,
1122 - ( 1 - h y d r o x y e t h y l ) - t h i a m i n e  p y r o p h o s p h a t e .  I n  1961,
H o l z e r  and  Beaucamp c l a i m e d  t h e  i s o l a t i o n  o f  2 -  
l a c t y l t h i a m i n e  p y r o p h o s p h a t e  XXII f rom y e a s t  w h ic h  were  
a c t i v e l y  m e t a b o l i z i n g  p y r u v a t e ^ ^ ^ - - h o w e v e r , t h i s  work h a s
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n o t  b e e n  r e p e a t e d  i n  o t h e r  s y s t e m s  and  K r a m p i tz  a s s e r t s  
t h a t  t h e  2 - l a c t y l  d e r i v a t i v e  s p o n t a n e o u s l y  d e c a r b o x y l a t e s  
a t  t h e  enzyme s u r f a c e . N e v e r t h e l e s s ,  t h e  i s o l a t i o n  o f  
HET f rom  b i o l o g i c a l  s y s t e m s  and  i t s  a c t i v i t y  i n  t h i a m i n e  
r e q u i r i n g  enzyme s y s t e m s  p r o v e d  t h e  b i o l o g i c a l  a c t i v i t y  o f  
C-2 t h i a m i n e  d e r i v a t i v e s  a s  demanded by B r e s l o w ' s  m echa­
n i sm .
To t e s t  c h e m i c a l l y  t h e  v a l i d i t y  o f  B r e s l o w ' s  p r o p o s a l ,  
Downs and  Sykes  d e t e r m i n e d  t h e  a c t i v i t i e s  ( u n d e r  t h e  c o n d i ­
t i o n  o f  M iz u h a ra  t e s t )  o f  t h e  t h i a z o l i u m  s a l t s  shown i n
1 1  sT a b l e  I  ( p a g e  3 2 ) .  T h iam in e  was t h e  m o s t  a c t i v e ,  f o l ­
lowed by t h e  N - b e n z y l ,  N - a l k y l  a n d  N -m e th y l  t h i a z o l i u m  
s a l t s .  I n  s u p p o r t  o f  B r e s l o w ' s  p r o p o s a l ,  compounds 6  and  
7, w h ic h  c o n t a i n  a  m e t h y l  g ro u p  r a t h e r  t h a n  a h y d r o g e n  a t  
C-2 ,  w e re  i n a c t i v e .  I r o n i c a l l y ,  t h e  i n a b i l i t y  o f  2 - m e th y l
t h i a m i n e  t o  s u b s t i t u t e  f o r  t h i a m i n e  i n  b i o l o g i c a l  s y s t e m s
1 1 fiwas f i r s t  d e m o n s t r a t e d  by  Todd and  B e r g e l  i n  1937 .  The 
r e l a t i v e  r a t e s  o f  t h e  p y r i m i d y l  v s  b e n z y l  v s  m e t h y l  s a l t s  
w e re  c o n f i r m e d  by B re s lo w ,  and  Yount  and  M e t z l e r .
T h e se  a u t h o r s  p o i n t  o u t  t h a t  t h e  o r d e r  o f  c a t a l y s i s  c o r r e ­
l a t e s ,  q u a l i t a t i v e l y ,  w i t h  t h e  e l e c t r o n  w i t h d r a w i n g  a b i l i ­
t i e s  o f  t h e  s u b s t i t u e n t s  q u a t e r n i z i n g  t h e  t h i a z o l e  r i n g - -  
t h i s  i n c r e a s i n g  e l e c t r o n  w i t h d r a w a l  i s  r e f l e c t e d  q u a l i t a ­
t i v e l y  i n  b o t h  t h e  d e c r e a s i n g  pKa o f  t h e  c o r r e s p o n d i n g  b a s e  
and  t h e  d e c r e a s i n g  pKa f o r  r i n g  o p e n i n g  o f  t h e  c o r r e s p o n d ­
i n g  t h i a z o l i u m  r i n g  ( T a b le  I I ,  p ag e  3 2 ) .  A c c o r d i n g  t o
32
T a b l e  I :  Downes an d  S y k e s '  d a t a  on c a t a l y s i s  o f  ,-,c
t h e  a c y l o i n  c o n d e n s a t i o n  by t h i a z o l i u m  s a l t s .
SALT a c e t o i n °/o r e a c t i v i t y
t h i a m i n e 1775 1 0 0
3 - b e n z y 1 - 4 - m e t h y l  
t h i a z o l i u m  b ro m id e 710 40
3 - a l l y 1 - 4 - m e t h y l  
t h i a z o l i u m  b ro m id e 345 19
3 - p h e n y l - 4 - m e t h y l  
t h i a z o l i u m  c h l o r i d e 135 8
3 , 4 - d i m e t h y l  
t h i a z o l i u m  i o d i d e 15 2
3 - b e n z y l 2 , 4 - d i m e t h y l  
■ ’ \  z o l iu m  b ro m id e 0 0
? - a i 1 y l - 2 , 4 - d i m e t h y l  
t h i a z o l i u m  b ro m id e 0 0
T a b l e  I I : C o r r e l a t i o n  o f  t h e  i n d u c t i v e  e f f e c t  o f  a l k y l
g r o u p s  on  pKa o f  t h e  am ine  and  pKa f o r  . 1 n q  
r i n g  o p e n i n g  o f  t h e  c o r r e s p o n d i n g  s a l t .  , i J -y
A l k y l  Group pKa R-NH2 pKa r i n g  o p e n i n g
4 - am ino- 2 - m e th y 1 -  
p y r i m i d i n - 5 - y 1 ) m e th y 1 8 . 4 9 .2 5
p h e n y l m e t h y l 9 . 3 9 . 9
M ethy l 1 0 . 6 1 0 . 2
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t h e s e  a u t h o r s ,  e l e c t r o n  w i t h d r a w a l  i n c r e a s e s  t h e  p o s i t i v e  
c h a r g e  on n i t r o g e n  w h ic h  s t a b i l i z e s ,  e l e c t r o s t a t i c a l l y ,  t h e  
n e g a t i v e  c h a r g e  o f  t h e  C-2 y l i d e .  T h i s  e l e c t r o n i c  e f f e c t  
i n c r e a s e s  t h e  r a t e  o f  C-2 y l i d e  f o r m a t i o n ,  a n d ,  c o n s e ­
q u e n t l y ,  i n c r e a s e s  t h e  r a t e  o f  c a t a l y s i s .
B r e s lo w  a l s o  r e p o r t e d  t h a t  1 , 3 - d i m e t h y l b e n z i m i d a z o l i u m
XXXIII ( F i g u r e  2 1 , )  a  compound w h ic h  was d e m o n s t r a t e d  by
120Ugai t o  c a t a l y z e  t h e  b e n z o i n  c o n d e n s a t i o n ,  a l s o  
e x c h a n g e s  a t  t h e  C-2 p o s i t i o n  i n  D2 0 . ^ ^ ^  I t  w ou ld  h av e  
b e e n  f o r t u i t o u s  i f  t h o s e  s y s t e m s  w h ich  e x c h a n g e d  a l s o  w ere  
a c t i v e  i n  t h e  a c y l o i n  c o n d e n s a t i o n .  However ,  N - m e th y l -  
b e n z o t h i a z o l i u m  i o d i d e  XXXIV and  N -m e th y lb e n z o x a z o l iu m  
i o d i d e  XXXV ( F i g u r e  2 1 ) ,  compounds w h ic h  show r a p i d  C-2 
h y d r o g e n - d e u t e r i u m  e x c h a n g e ,  w ere  shown t o  h av e  no a c t i v i t y
Figure 21
xxxiiir xxxiv-r xxxvi
i n  t h e  a c y l o i n  c o n d e n s a t i o n .  I n  h i s  e x p l a n a t i o n ,  B re s lo w  
s u g g e s t e d  t h a t  y l i d e  f o r m a t i o n  i n  b e n z i m i d a z o l i u m  and  
t h i a z o l i u m  s a l t s  i s  i n  c o m p e t i t i o n  w i t h  r i n g  o p e n i n g  
( F i g u r e  22 ,  p a g e  34,  e q u a t i o n s  i  and  i i ) . However,  t h e  
a r o m a t i c  h e t e r o c y c l i c  r i n g s  o f  t h e  b e n z o t h i a z o l i u m  and  
b e n z o x a z o l i u m  s a l t s  h av e  a l o w e r  r e s o n a n c e  e n e r g y  and  t h u s
34
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a r e  more e a s i l y  h y d r o l y z e d - - t h i s  i s  e x e m p l i f i e d  i n  t h e  low 
pKa o f  r i n g  o p e n i n g ,  a p p r o x i m a t e l y  6 . 8 , o f  t h e  b e n z o t h i a -  
z o l i u m  s a l t .  Thus s a l t s  XXXIV and  XXXV w ere  n o t  a c t i v e  i n  
t h e  M iz u h a ra  a c y l o i n  t e s t  b e c a u s e  a t  t h i s  pH i n  aq u eo u s  
s o l u t i o n  t h e y  e x i s t  p r e d o m i n a t e l y  i n  t h e  i n a c t i v e  r i n g  
open  form  XXXVI and  XXXVII, r e s p e c t i v e l y  ( F i g u r e  22 ,  e q u a ­
t i o n s  i i i  and  i v ) . B re s lo w  s u g g e s t e d  t h a t  t h i a z o l i u m  and  
b e n z i m i d a z o l i u m  s a l t s  a r e  " u n i q u e "  i n  t h a t  t h e y  r e t a i n  t h e  
" a r o m a t i c  r i n g "  on d e p r o t o n a t i o n .
B r e s l o w ' s  e x p l a n a t i o n  f o r  t h e  i n a b i l i t y  o f  s a l t s  
XXXIV and  XXXV t o  c a t a l y z e  t h e  a c y l o i n  c o n d e n s a t i o n  i n  
a q u eo u s  s o l u t i o n  i s  q u i t e  sound ;  i n  g e n e r a l ,  t h e  c o n c e n ­
t r a t i o n  o f  t h e  a c t i v e  c y c l i c  s p e c i e s  d e p e n d s  i n h e r e n t l y  on  
t h e  pKa o f  r i n g  o p e n i n g  and t h e  pH o f  t h e  r e a c t i o n  s o l u ­
t i o n .  However ,  t h e  c h e m i s t r y  o f  t h i a m i n e  i s  more  c o m p l i ­
c a t e d  t h a n  s im p l y  c o m p e t in g  d e p r o t o n a t i o n  and  r i n g  o p e n in g  
r e a c t i o n s .  M e t z l e r  and  M a ie r ,  i n  s t u d i e s  on t h e  b e h a v i o r  
o f  t h i a m i n e  i n  b a s i c  s o l u t i o n ,  fo u n d  t h a t  b a s e  h y d r o l y s i s  
o f  t h i a m i n e  l e a d s  t o  i n t e r m e d i a t e  f o r m a t i o n  o f  a  deep  y e l ­
low c o l o r  w h ich  f a d e s  r a p i d l y  i n  ^ 0  b u t  p e r s i s t s  f o r
1 2 1s e v e r a l  h o u r s  i n  m e t h a n o l .  The s y n t h e s i s  o f  t h i s  y e l l o w
form  o f  t h i a m i n e  XXXIX i n v o l v e s  f i r s t ,  a d d i t i o n  o f  t h e  
p y r i m i d i n e - a m i n o  g ro u p  t o  C-2 o f  t h e  t h i a z o l i u m  r i n g  w i t h  
p r o t o n  l o s s  t o  d i h y d r o t h i o c h r o m i n e  XXXVIII ( F i g u r e  23, page  
3 6 ) ,  f o l l o w e d  by e l i m i n a t i o n  o f  S and a s e c o n d  d e p r o t o n a ­
t i o n  (pKaav  = 1 1 . 6 ) .  The e q u i l i b r i u m  f o r m a t i o n  o f  t h e
36
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y e l l o w  fo rm  i s  r a p i d  compared  t o  t h e  s lo w  a d d i t i o n  o f  
h y d r o x i d e  t o  C-2 l e a d i n g  to  t h e  p s e u d o - b a s e  and  open 
t h i o l  fo rm  XL an d ,  by e x t e n s i o n ,  i s  a l s o  i n  c o m p e t i t i o n  
w i t h  f o r m a t i o n  o f  B r e s l o w 1s y l i d e  XXV. Thus ,  i n  two 
e q u i v a l e n t s  o f  NaOH, t h e  s t a n d a r d  c o n d i t i o n s  o f  t h e  
M izu h a ra  a c y l o i n  c o n d e n s a t i o n ,  a p p r o x i m a t e l y  507® o f  B-̂  i s  
i n  t h e  a c t i v e  c y c l i c  fo rm  I  w h ic h  i s  i n  f a s t  e q u i l i b r i u m  
w i t h  t h e  y e l l o w  fo rm  and y l i d e  f o r m a t i o n ,  w h i l e  507, i s  in  
t h e  i n a c t i v e  f r e e  t h i o l  fo rm .  M e t z l e r  s u g g e s t s  t h a t  any  
m echanism  o f  t h i a m i n e  c a t a l y s i s  m u s t  t a k e  i n t o  a c c o u n t  
t h e s e  i n t e r m e d i a t e  c y c l i c  and  a c y c l i c  fo rm s ,  b u t  h i s  s u g ­
g e s t i o n  h a s  h e r e t o f o r e  b e en  i g n o r e d .
W a n z l i c k '* '^ " '* ' ^  r e p o r t e d  t h a t  d i p h e n y l i m i d a z o l i n i u m  
b ro m id e  XLI , a t h i r d  compound w h ic h  u n d e r g o e s  r a p i d  C-2 
h y d r o g e n - d e u t e r i u m  e x c h a n g e  and  i s  a l s o  i n a c t i v e  i n  t h e  
a c y l o i n  c o n d e n s a t i o n  due t o  c o m p le t e  h y d r o l y s i s  ( F i g u r e  






r e a c t i o n  w i t h  a l d e h y d e s  e v e n  i n  n o n - h y d r o x y l i c  s o l v e n t s .  
I n s t e a d ,  b a s e  d e p r o t o n a t i o n  y i e l d s  a c y c l i c  i n t e r m e d i a t e  
X L II I  w h ic h  r e a c t s  w i t h  b e n z a l d e h y d e  to  p r o d u c e  a c y l  
d e r i v a t i v e  XLIV ( F i g u r e  25, p ag e  3 9 ) .  I n  t h e  a b s e n c e  o f  
a l d e h y d e s ,  t h e  d e p r o t o n a t e d  i n t e r m e d i a t e  d i m e r i z e s  t o  t h e  
e t h y l e n e  d e r i v a t i v e  XLV and  r e a c t s  w i t h  e l e c t r o n  d e f i c i e n t  
d o u b le  b o n d s ,  s u c h  a s  t e t r a c y a n o e t h y l e n e , t o  y i e l d  t h e  
c y c l o p r o p a n e  d e r i v a t i v e  XLVI. T h ese  r e a c t i o n s ,  a s  p o i n t e d  
o u t  by W a n z l i c k ,  i n d i c a t e  t h e  d e p r o t o n a t e d  i n t e r m e d i a t e  
X L II I  i s  a n u c l e o p h i l i c  c a r b e n e  and  i t  i s  t h e  c a r b e n e  w h ich  
y i e l d s  t h e  a f o r e m e n t i o n e d  p r o d u c t s .  S u b s e q u e n t l y ,  b e n z o -  
t h i a z o l i u m  XXXIV, b e n z o x a z o l i u m  XXXV, o x a z o l i u m
XLVII , and  d i t h i o l i u m  X L V II I^ ^ ’ s a l t s  ( F i g u r e  26, 
p a g e  4 0 ) ,  compounds s t r u c t u r a l l y  r e l a t e d  t o  and  i s o e l e c -  
t r o n i c  w i t h  t h i a z o l i u m  s a l t s ,  hav e  b e e n  d e m o n s t r a t e d  t o  
r e a c t  v i a  a c y c l i c  c a r b e n e  i n t e r m e d i a t e  upon b a s e  d e p r o ­
t o n a t i o n  a t  C-2 ( F i g u r e  2 6 ) .
I n  a c c o r d  w i t h  s t u d i e s  on t h e s e  r e l a t e d  h e t e r o c y c l i c
122s y s t e m s ,  s e v e r a l  i n v e s t i g a t o r s ,  i n c l u d i n g  W a n z l i c k  and 
123 124 153In g rah am ,  ’ ’ a r g u e  t h a t  t h i a m i n e  and  t h i a z o l i u m
s a l t s  i n  g e n e r a l  r e a c t  v i a  a c a r b e n e  i n t e r m e d i a t e  ( F i g u r e  
27,  page  4 1 ) ,  r a t h e r  t h a n  an  y l i d e  a s  p r o p o s e d  by B re s lo w .  
However,  t o  d a t e ,  no  c h e m i s t r y  h a s  b e e n  r e p o r t e d  w hich  
c l a s s i c a l l y  d e m o n s t r a t e s  t h e  c a r b e n e  n a t u r e  o f  t h i a z o l i u m  
s a l t s .  Thus ,  a l t h o u g h  t h e  c h e m i c a l  and  b i o c h e m i c a l  e v i ­
den ce  p r o v e s  t h a t  t h e  r e a c t i v e  s i t e  o f  t h i a m i n e  i s  t h e  C-2
F ig u r e  2 5
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Pyr
p o s i t i o n  o f  t h e  t h i a z o l i u m  n u c l e u s ,  a  c o n t r o v e r s y  s t i l l  
e x i s t s  s u r r o u n d i n g  i t s  m echan ism  o f  r e a c t i o n .
I n  a  p a p e r  c o m p a r in g  t h e  r a t e  o f  ex ch a n g e  o f  t h i a ­
z o l i u m  s a l t s  w i t h  o t h e r  h e t e r o c y c l i c  s y s t e m s ,  Haake s t a t e s  
t h a t  t h e  c a r b e n e  c a n n o t  b e  t h e  r e a c t i v e  i n t e r m e d i a t e  i n
t h e  c h e m i s t r y  o f  t h i a z o l i u m  s a l t s  s i n c e  i t  w o u ld  be  to o
131u n s t a b l e  a c c o r d i n g  t o  v a l e n c e  bond t h e o r y .  However,
t h e  e x i s t e n c e  o f  c a r b e n e s , d i v a l e n t  c a r b o n s  w i t h  two n o n ­
b o n d in g  e l e c t r o n s ,  h a s  b e e n  p r o v e n  i n  d i v e r s e  c h e m i c a l  
132s y s t e m s .  S t u d i e s  on c a r b e n e  i n t e r m e d i a t e s  i n d i c a t e
t h a t  t h e y  a r e  e x t r e m e l y  r e a c t i v e ,  e x i s t  i n  a  s i n g l e t  and  
a t r i p l e t  e l e c t r o n i c  s t a t e ,  a n d  d e m o n s t r a t e  e i t h e r  e l e c -  
t r o p h i l i c  o r  n u c l e o p h i l i c  r e a c t i v i t y .  The f o l l o w i n g  d i s ­
c u s s i o n  i l l u s t r a t e s  t h e  e x i s t e n c e  o f  c a r b e n e  i n t e r m e d i a t e s  
an d  d i s c u s s e s  e l e c t r o n i c  and  s t r u c t u r a l  f e a t u r e s  i m p o r t a n t  
i n  d e t e r m i n a t i o n  o f  c a r b e n e  r e a c t i v i t y .
D i c h l o r o c a r b e n e , a r e p r e s e n t a t i v e  ex am p le  o f  a  c a r b e n e  
i n t e r m e d i a t e ,  i s  p r o d u c e d  d u r i n g  t h e  b a s e  i n d u c e d  decom­
p o s i t i o n  o f  c h l o r o f o r m  t o  c a r b o n  m onoxide  LI and  f o r m a t e
i l l
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r e a c t i o n ,  c h l o r o f o r m  u n d e r g o e s  a r a p i d  d e p r o t o n a t i o n  t o
IL  ( e q u a t i o n  i )  f o l l o w e d  by r a t e  d e t e r m i n i n g  l o s s  o f
13^ 1.3 5c h l o r i n e  a n i o n  t o  d i c h l o r o c a r b e n e  L ( e q u a t i o n  i i ) . ’
H i n e s ,  e t  a l ,  d e m o n s t r a t e d  t h a t  d e p r o t o n a t i o n  i s  n o t  r a t e
d e t e r m i n i n g  b y  show ing  t h a t  t h e  r a t e  o f  H-D e x c h a n g e  o f
c h l o r o f o r m  ( i n  D2 O) i s  1 0 0 0  t i m e s  t h e  r a t e  o f  i t s  h y d r o l y -  
136s i s .  I n  a  r e a c t i o n  t y p i c a l  o f  e l e c t r o p h i l i c  c a r b e n e s ,
43
d i c h l o r o c a r b e n e  r e a c t s  i n  n o n - h y d r o x y l i c  s o l v e n t s  w i t h
c y c l o h e x e n e  t o  y i e l d  d i c h l o r o n o r c a r n a n e  L I I I  ( F i g u r e  28, 
137e q u a t i o n  i v )  .
The s t u d y  o f  t h e  b a s e  h y d r o l y s i s  o f  a s e r i e s  o f  
t r i h a l o m e t h a n e s  i n d i c a t e s  t h a t  t h e  d e p r o t o n a t e d  a n i o n  i s
1  OO
s t a b i l i z e d  by h a l o g e n s  i n  t h e  o r d e r  I > Br > C l > F. The 
a b i l i t y  o f  t h e  l a r g e r  h a l o g e n s  t o  s t a b i l i z e  a n e g a t i v e  
c h a r g e  i s  a t t r i b u t e d  t o  t h e i r  p o l a r i z a b i l i t y ; d e p r o t o n a ­
t i o n  i n d u c e s  a  d i p o l e  on t h e  h a l o g e n  s u c h  t h a t  e l e c t r o n
138d e n s i t y  i s  p u s h e d  away f rom  t h e  n e g a t i v e  c h a r g e .
I n t e r e s t i n g l y ,  h a l o g e n s  s t a b i l i z e  t h e  d i h a l o c a r b e n e  i n t e r -
139m e d i a t e  i n  t h e  r e v e r s e  o r d e r :  F>>C1> Br > I .  The
i n c r e a s e d  s t a b i l i t y  o f  d i f l u o r o c a r b e n e  r e s u l t s  f rom  b o t h
t h e  g r e a t e r  e l e c t r o n e g a t i v i t y  and  t h e  i n c r e a s e d  r e s o n a n c e  
e l e c t r o n  d o n a t i o n  o f  f l u o r i n e . 140-142
C arb en e  i n t e r m e d i a t e s  e x i s t  i n  two d i s t i n c t ,  i n t e r ­
c o n v e r t i b l e  e l e c t r o n i c  s t a t e s - - t h e  t r i p l e t  an d  t h e  
132s i n g l e t .  The t r i p l e t  s t a t e  i s  c h a r a c t e r i z e d  by two
n o n -b o n d e d  e l e c t r o n s  w i t h  p a r a l l e l  s p i n s  w h ic h  o c cu p y ,  
a c c o r d i n g  t o  H u n d ' s  r u l e ,  s e p a r a t e  b u t  i d e n t i c a l  ( d e g e n ­
e r a t e )  o r b i t a l s .  I n  t h e  s i n g l e t  s t a t e ,  t h e  two e l e c t r o n s  
hav e  a n t i p a r a l l e l  s p i n s  and  occu p y  t h e  same o r b i t a l - - t h e  
s e c o n d  n o n -b o n d e d  o r b i t a l  r e m a in s  em pty .  The c l a s s i c  
exam ple  o f  a  c a r b e n e  w i t h  a t r i p l e t  g r o u n d  s t a t e  i s  m e th y ­
l e n e  i n  w h ic h  t h e  two H-C s i n g l e  bon d s  a r e  a t  an  a n g l e  o f  
1 6 0 -1 8 0 °  and  e a c h  o f  t h e  two p - o r b i t a l s  ( p x and  p^ )  i s
44
o c c u p i e d  by one e l e c t r o n  ( F i g u r e  2 9 ) , ^ ^ ’ ^ ^  For  s t r u c ­
t u r a l  c o m p a r i s o n ,  t h e  l o w e s t  l y i n g  s i n g l e t  o f  m e t h y l e n e ,  
two ev  h i g h e r  i n  e n e r g y ,  i s  s p 2  h y b r i d i z e d  w i t h  t h e  f r e e
e l e c t r o n s  i n  a sp£  o r b i t a l ;  t h e  empty p - o r b i t a l  i s  p e r p e n -




t r i p l e t  s i n g l e t
B ecause  t h e  t r i p l e t  s t a t e  i s  a  d i r a d i c a l ,  i t  i s  e a s i l y
d e t e c t e d  by e l e c t r o n  s p i n  r e s o n a n c e  s p e c t r o s c o p y .  The
p r o p o r t i o n  o f  t r i p l e t  and s i n g l e t  s t a t e s  o f  a c a r b e n e  can
be ded u ced  from t h e  d i f f e r e n c e s  i n  t h e i r  c h e m i s t r y .  For
ex am p le ,  s i n g l e t  e l e c t r o p h i l i c  c a r b e n e s  add  s t e r e o s p e c i -
f i c a l l y  t o  d o u b le  bonds  w h e r e a s  t h e i r  t r i p l e t  a n a l o g s
1 27show r a c e m i c  m i x t u r e s .
The n u c l e o p h i l i c  vs  e l e c t r o p h i l i c  r e a c t i v i t y  o f  a 
s i n g l e t  c a r b e n e  i s  d e t e r m i n e d  by b o t h  t h e  o c c u p a n c y  o f  
t h e  p - o r b i t a l  and  t h e  t o t a l  c h a r g e  on t h e  c a r b e n e  c a r ­
bon.  E l e c t r o p h i l i c  c a r b e n e  r e a c t i v i t y  r e s u l t s  f rom a
r e l a t i v e l y  empty p - o r b i t a l  and  a  low e l e c t r o n  d e n s i t y . 
Hoffman i n d i c a t e s  t h a t  s i n g l e t  m e t h y l e n e  i s  e l e c t r o p h i l i c ;  
i n  i t s  r e a c t i o n  w i t h  d o u b le  bonds  a t t a c k  i s  i n i t i a t e d  by
45
t h e  " - e l e c t r o n s  o f  t h e  d o u b le  bond on  t h e  em pty  p - o r b i t a l
o f  t h e  c a r b e n e  c a r b o n  ( F i g u r e  3 0 ) . D i f l u o r o c a r b e n e  i s
l e s s  e l e c t r o p h i l i c  t h a n  m e t h y l e n e - - a p p a r e n t l y  t h e  a b i l i t y
o f  f l u o r i n e  t o  i n c r e a s e  e l e c t r o n  d e n s i t y  o f  t h e  empty p -
o r b i t a l  by l o n e  p a i r  d o n a t i o n  d e c r e a s e s  i t s  e l e c t r o -
132 140p h i l i c i t y  r e l a t i v e  t o  m e t h y l e n e .  ’ However ,  d i f l u o r o ­
c a r b e n e  i s  more s t a b l e  t h a n  m e t h y l e n e - - f l u o r i n e  i n d u c t i o n  
s t a b i l i z e s  t h e  c a r b e n e  by  i n d u c t i v e l y  d e c r e a s i n g  e l e c t r o n  
d e n s i t y  a t  t h e  c a r b e n e  c a r b o n  ( d i f l u o r o c a r b e n e  h a s  a  c h a r g e  
o f  + 0 .2 3 ,  w h e r e a s  m e t h y l e n e  h a s  a  c h a r g e  o f  - 0 . 1 1 ) . ' * ' ^ ’ '*'^
Figure  3 0
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N u c l e o p h i l i c  c a r b e n e  r e a c t i v i t y  i s  a com bined  r e s u l t  
o f  an  i n c r e a s e d  o c c u p a n c y  o f  t h e  c a r b e n e  p - o r b i t a l  and  an 
i n c r e a s e d  e l e c t r o n  d e n s i t y  on t h e  c a r b e n e  c a r b o n .  1 
Examples  o f  n u c l e o p h i l i c  c a r b e n e s  germane t o  t h e  s u b j e c t  
o f  t h i a z o l i u m  s a l t  c h e m i s t r y  a r e  t h e  c a r b e n e s  d e r i v e d  f rom
46
t h e  a f o r e m e n t i o n e d  d i a l k y l i m i d a z o l i n i u m  ( F i g u r e  25 ,  pag e  
39) and d i t h i o l i u m  s a l t s  ( F i g u r e  3 1 ) .  I n  t h e s e  c a s e s ,  t h e  
l o n e  p a i r  o f  e l e c t r o n s  o f  t h e  a d j a c e n t  n i t r o g e n  and  s u l f u r
h e t e r o a t o m s  d o n a t e s  e l e c t r o n  d e n s i t y  t o  t h e  c a r b e n e  p -
Jl22> 1. A5o r b i t a l .  ' T h i s  e l e c t r o n  d o n a t i o n ,  a s  w e l l  a s  t h e
d e c r e a s e d  e l e c t r o n e g a t i v i t y  o f  S and N ( r e l a t i v e  t o  
f l u o r i n e ,  f o r  e x a m p l e ) ,  i n c r e a s e s  t h e  e l e c t r o n  d e n s i t y  
on t h e  c a r b e n e  c a r b o n .  The n u c l e o p h i l i c  c h e m i s t r y  o f  t h e  
d i t h i o l i u m  d e r i v e d  c a r b e n e  i s  s i m i l a r  t o  t h e  c h e m i s t r y  o f  
t h e  d i p h e n y l i m i d a z o l i n i u m  s a l t s  shown i n  F i g u r e  25.  D ep ro ­
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d i m e r i z e s  t o  t h e  u n s t a b l e  e t h y l e n i c  d e r i v a t i v e  LV and  
r e a c t s  w i t h  b e n z a l d e h y d e  t o  p r o d u c e  a c y l  d e r i v a t i v e  
LVI. 1 ^ 9 , 1 3 0  - £ 0  t h e kn o w led g e  o f  t h i s  a u t h o r ,  t h e  n u c l e o ­
p h i l i c  c a r b e n e s  o f  d i t h i o l i u m  s a l t s  h a v e  n o t  b e e n  demon­
s t r a t e d  t o  r e a c t  w i t h  s i m p l e  a l k e n e s .
I n  c o n c l u s i o n ,  num erous  i n v e s t i g a t o r s  h a v e  made 
s i g n i f i c a n t  c o n t r i b u t i o n s  i n  t h e  i l l u c i d a t i o n  o f  t h e  b i o ­
c h e m i c a l  r o l e  o f  t h i a m i n e  i n  b i o l o g i c a l  p r o c e s s e s ;  
n o t a b l y :  1) J a n s e n  and  Donath  f o r  t h e i r  t e d i o u s  r e s e a r c h
l e a d i n g  to  t h e  i s o l a t i o n  o f  t h i a m i n e  f ro m  b i o l o g i c a l  
s y s t e m s ,  2) R. A. P e t e r s ,  f o r  h i s  i n t e r p r e t a t i o n  o f  
l i m i t e d  p h y s i o l o g i c a l  i n f o r m a t i o n  w h ic h  l e d  him t o  p r o ­
p o s e  t h a t  t h i a m i n e  was r e s p o n s i b l e  f o r  t h e  f u r t h e r  m e t a ­
b o l i c  o x i d a t i o n  o f  p y r u v a t e  t o  CC^, 3) B re s lo w ,  f o r  h i s  
o b s e r v a t i o n  o f  t h e  f a c i l e  e x ch a n g e  o f  t h e  C-2 h y d r o g e n  o f  
t h e  t h i a z o l i u m  r i n g  and  4) M e t z l e r ,  f o r  h i s  s t u d i e s  on 
t h e  c o m p l i c a t e d  r e a c t i o n s  o f  t h i a m i n e  i n  b a s i c  s o l u t i o n .  
However,  a  c o n t r o v e r s y  s t i l l  e x i s t s  c o n c e r n i n g  t h e  a c t u a l  
i d e n t i t y  o f  t h e  d e p r o t o n a t e d  i n t e r m e d i a t e  i n  t h i a m i n e  
c a t a l y s i s .  B r e s l o w , ^ " *  H a a k e , ' * ^  and O l o f s o n ^ - ^  a r g u e  
t h a t  t h e  y l i d e  i s  t h e  e x c h a n g e  and r e a c t i v e  i n t e r m e d i a t e .
I n  c o n t r a s t ,  t h e  m o l e c u l a r  o r b i t a l  c a l c u l a t i o n s  o f  In g ra h a m  
s u g g e s t  t h a t  t h e  d e p r o t o n a t e d  i n t e r m e d i a t e  o f  t h i a m i n e  h a s  
707o c a r b e n e  c h a r a c t e r ,  i n  a c c o r d  w i t h  c a l c u l a t i o n s  on t h e  
907. a n d  75% c a r b e n e  c h a r a c t e r  o f  d e p r o t o n a t e d  d i t h i o l i u m
1 C O  I  C O
and  d i p h e n y l i m i d a z o l i n i u m  s a l t s ,  r e s p e c t i v e l y .  '
2. Experimental
G e n e r a l . Most s o l v e n t s  and  r e a g e n t s  u s e d  i n  t h e s e  
e x p e r i m e n t s  w ere  r e a g e n t  g r a d e ,  an d ,  w i t h  t h e  f o l l o w i n g  
e x c e p t i o n s ,  no f u r t h e r  p u r i f i c a t i o n  was deemed n e c e s s a r y .  
M e th an o l  ( M a l l i n c k r o d t ) , t r i e t h y l a m i n e  ( E a s tm a n ) ,  N,N- 
d i m e t h y l f o r m a m i d e  ( F i s h e r )  and  a c e t o n e  (MCB) w ere  p u r i f i e d
i  / ' /
by t h e  m e thod  o f  Gordon and  F o rd  and  b e n z a l d e h y d e  (MCB)
1 S fiwas p u r i f i e d  by  t h e  m ethod  o f  F i e s e r  and  F i e s e r .  Benzo-
t h i a z o l e  ( A l d r i c h ) ,  1 , 5 - d i a z a - [ 4 . 3 . 0 ] - b i c y c l o - n o n - 5 - e n e  
( A l d r i c h )  and  5 - ( 2 - h y d r o x y e t h y l ) - 4 - m e t h y l t h i a z o l e  (Merck) 
w ere  p u r i f i e d  by d i s t i l l a t i o n .  T h ia m in e  c h l o r i d e  h y d r o ­
c h l o r i d e  (MCB) was p u r i f i e d  by p r e c i p i t a t i o n  f rom h o t  
e t h a n o l ,  and  d r i e d  a t  130°C.  P o t a s s i u m  c a r b o n a t e  (B a k e r )  
was p u l v e r i z e d  and  a l s o  d r i e d  a t  130°C. F o r  t i c  a n a l y s i s  
o f  r e a c t i o n  m i x t u r e s ,  S y b ro n /B r in k m a n  P o ly g ra m  ( s i l  G/uv 
254) p r e c o a t e d  s h e e t s  w ere  u t i l i z e d .  N i t r o g e n  was p u r ­
c h a s e d  f rom  M atheson  and  was o f  z e r o - g r a d e  q u a l i t y .  Atmos-  
b a g s  ( A l d r i c h )  w e re  u s e d  t o  p r o v i d e  an  o x y g e n - f r e e  a t m o s ­
p h e r e .  A c o l d - r o o m  f o r  p u r i f i c a t i o n  o f  h e a t  s e n s i t i v e  
p r o d u c t s  was k i n d l y  p r o v i d e d  by t h e  B i o c h e m i s t r y  D e p a r tm e n t  
a t  L o u i s i a n a  S t a t e  U n i v e r s i t y .
M e l t i n g  p o i n t s  w ere  d e t e r m i n e d  on a  Melt-Temp c a p i l ­
l a r y  m e l t i n g  p o i n t  a p p a r a t u s  and  a r e  u n c o r r e c t e d .  P r o t o n
48
49
NMR s p e c t r a  w ere  r e c o r d e d  on a  V a r i a n  A60A s p e c t r o ­
m e t e r ,  and  c h e m i c a l  s h i f t s  a r e  r e p o r t e d  r e l a t i v e  to  
t e t r a m e t h y l - s i l a n e  ( 6  = 0 . 0 0 ) i n  o r g a n i c  s o l v e n t s  and  
r e l a t i v e  t o  HOD ( 6  = 4 . 6 1 )  i n  a q u eo u s  s o l u t i o n .  U l t r a -
n
v i o l e t  (uv)  s p e c t r a  w ere  r e c o r d e d  on a  Beckman Model 25
s p e c t r o p h o t o m e t e r ,  and  i n f r a r e d  ( i r )  s p e c t r a  w ere  r e c o r d e d
on a  P e r k i n - E l m e r v 621 G r a t i n g  S p e c t r o p h o t o m e t e r .  The pH
o f  s o l u t i o n s  was m e a s u re d  on a  R a d io m e te r /C o p e n h a g e n  PH82
s t a n d a r d  pH m e t e r .  A l l  e l e m e n t a l  a n a l y s e s  w ere  p e r f o r m e d
by  Mr. R a lp h  S eab ,  S c i e n t i f i c  R e s e a r c h  S p e c i a l i s t  o f  t h e
L o u i s i a n a  S t a t e  U n i v e r s i t y  C h e m is t r y  D e p a r tm e n t .  Mass
s p e c t r a l  a n a l y s e s  w ere  p e r f o r m e d  by  Mr. Don P a t t e r s o n ,
a l s o  o f  t h e  L o u i s i a n a  S t a t e  U n i v e r s i t y  C h e m is t r y  D e p a r t -
Rm e n t ,  on a H e w l e t t  P a c k a r d  HP5985 mass s p e c t r o m e t e r .
Mr. R o n a ld  V o l l  a s s i s t e d  i n  a c q u i s i t i o n  o f  a l l  200 MHz 
p r o t o n  nmr s p e c t r a  on a B r u k e r  Model 200 MHz s p e c t r o ­
m e t e r  .
1.  S y n t h e s i s  o f  3 - ( 4 - a m i n o - 2 - m e t h y l p y r i m i d i n - 5 - y l ) m e t h y l -  
2 - ( 1 - h y d r o x y e t h y l ) - 5 - ( 2 - h y d r o x y e t h y l ) - 4 - m e t h y l t h i a -  
z o l i u m  c h l o r i d e  h y d r o c h l o r i d e  1 .
A ro u n d  b o t t o m  f l a s k  was e q u i p p e d  w i t h  a  d r o p p i n g  
f u n n e l  and  a m a g n e t i c  s t i r r i n g  b a r .  The f l a s k  was c h a r g e d  
w i t h  t h i a m i n e  c h l o r i d e  h y d r o c h l o r i d e  ( 5 . 0  g ram s ,  1 4 .8  
m mole) ,  a c e t a l d e h y d e  ( 5 . 8  m l ,  136 mmole) ,  and  a b s o l u t e  
e t h a n o l  ( 50 m l ) , and t h e  m i x t u r e  was f l u s h e d  w i t h  n i t r o g e n
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and  c o o l e d  t o  0°C.  A sod ium  e t h o x i d e  s o l u t i o n  was p r e ­
p a r e d  i n  t h e  d r o p p i n g  f u n n e l  by a d d i n g  sod ium  ( 0 . 6 8  
gram s,  30 mmole) t o  a b s o l u t e  e t h a n o l  ( 5 0  m l ) ,  and  th e  
b a s e  s o l u t i o n  was ad d e d  d r o p w i s e ,  o v e r  30 m i n u t e s ,  to  t h e  
c o o l e d  r e a c t i o n  m i x t u r e .  The r e a c t i o n  m i x t u r e  was s t i r r e d  
a t  0°C f o r  f i v e  h o u r s ,  and  a c i d i f i e d  t o  pH = 3 w i t h  d ry  
h y d r o g e n  c h l o r i d e  g a s .  The s o l u t i o n  was warmed and  s u c ­
t i o n  f i l t e r e d  to  remove s a l t s  and  u n r e a c t e d  t h i a m i n e ,  t h e  
m o th e r  l i q u o r  was r o t o - e v a p o r a t e d  t o  a  s m a l l  vo lume (25 ml), 
and  t h e  p r e c i p i t a t e  was c o l l e c t e d  by s u c t i o n  f i l t r a t i o n .
The w h i t e  s o l i d  was s u s p e n d e d  i n  h o t  e t h a n o l  (25 m l ) ,  and  
t h e  s u s p e n s i o n  was s u c t i o n e d  f i l t e r e d  and w ashed  w i t h  h o t  
e t h a n o l  y i e l d i n g  4 . 2  grams (75%) o f  p u r e  HET 1 a s  a  w h i t e  
s o l i d .
mp = 234°C (d e c )  mp ( l i t 179) = 234 -  236°C ( d e c ) .  
H1NMR 1
2. S y n t h e s i s  o f  3 - ( 4 - a m i n o - 2 - m e t h y l p y r i m i d i n - 5 - y l ) m e t h y l -  
2 - ( 1 - h y d r o x y b e n z y l ) - 5 - ( 2 - h y d r o x y e t h y l ) - 4 - m e t h y l t h i a -  
z o l i u m  c h l o r i d e  h y d r o c h l o r i d e  2 .
A ro u n d  b o t t o m  f l a s k  was e q u i p p e d  w i t h  a  m a g n e t i c
s t i r r i n g  b a r  a n d  a d r o p p i n g  f u n n e l .  The f l a s k  was c h a r g e d
w i t h  t h i a m i n e  c h l o r i d e  h y d r o c h l o r i d e  (3 g ra m s ,  8 . 9  m moles) ,
1 S fif r e s h l y  d i s t i l l e d  b e n z a l d e h y d e  ( 3 . 6  ml ,  45 mmoles)  and 
a b s o l u t e  e t h a n o l  (50 m l ) , and  t h e  s u s p e n s i o n  was f l u s h e d  
w i t h  n i t r o g e n  and  c o o l e d  t o  0°C. A sod ium  e t h o x i d e
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s o l u t i o n  was p r e p a r e d  i n  t h e  d r o p p i n g  f u n n e l  by a d d in g  
sod ium ( 0 . 4 1  g ram s ,  1 7 .8  mmoles)  t o  a b s o l u t e  e t h a n o l  (50 
ml) and  t h e  b a s e  s o l u t i o n  was a d d e d  d r o p w i s e  t o  t h e  r e a c ­
t i o n  m i x t u r e  o v e r  30 m i n u t e s .  The deep o r a n g e  s o l u t i o n  
was s t i r r e d  a t  0°C f o r  an a d d i t i o n a l  30 m i n u t e s ,  and t h e  
r e s u l t a n t  y e l l o w  m i x t u r e  was a c i d i f i e d  t o  pH = 3 w i t h  d ry  
h y d r o g e n  c h l o r i d e  gas  and s u c t i o n  f i l t e r e d  t o  remove s a l t s  
and  u n r e a c t e d  t h i a m i n e  h y d r o c h l o r i d e .  The f i l t r a t e  was 
r o t o - e v a p o r a t e d  t o  d r y n e s s ,  t h e  o r a n g e  s o l i d  was d i s s o l v e d  
i n  25 ml w a t e r ,  and t h e  w a t e r  l a y e r  was e x t r a c e d  w i t h  t h r e e  
50 ml p o r t i o n s  o f  c h l o r o f o r m  t o  remove o r g a n i c  s o l u b l e  
p r o d u c t s  and  e x c e s s  b e n z a l d e h y d e . The a q u e o u s  l a y e r  was 
r o t o - e v a p o r a t e d  t o  d r y n e s s ,  r em o v in g  t h e  l a s t  t r a c e s  o f  
w a t e r  by a z e o t r o p i n g  w i t h  a b s o l u t e  e t h a n o l .  The r e s u l t a n t  
y e l l o w  s o l i d  was s u s p e n d e d  i n  c o l d  e t h a n o l  (15 m l ) , t h e  
s u s p e n s i o n  was s u c t i o n  f i l t e r ,  and  t h e  s o l i d  was w ashed  
w i t h  c o l d  e t h a n o l  and  d r i e d  i n  v a c u o , y i e l d i n g  2 . 5  grams 
(63%) o f  HBT 2 a s  a  w h i t e  s o l i d .
mp = 214°C (d e c )  mp ( l i t 184) = 204°  -  210°C (d e c )  
Ĥ -NMR 2
3. S y n t h e s i s  o f  2 - b e n z o y l - 3 - ( 4 - a m i n o - 2 - m e t h y l p y r i m i d i n -  
5 - y l )  m e t h y l - 3 a - m e t h y l - p e r h y d r o f u r o - [ 2 , 3 - d ] - t h i a z o l e
3.
Method A: T h iam in e  c h l o r i d e  h y d r o c h l o r i d e  and  p o t a s s i u m
c a r b o n a t e  w e re  p u l v e r i z e d  and  d r i e d  i n  a v e n t i l a t e d  oven
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a t  130°C o v e r n i g h t .  D im e th y l fo rm a m id e  (DMF) was p u r i f i e d
by d i s t i l l a t i o n  o v e r  c a l c i u m  h y d r i d e  and  s t o r e d  u n d e r
n i t r o g e n ,  and b e n z a l d e h y d e  was p u r i f i e d  by t h e  p r o c e d u r e
<1
o f  F i e s e r  and F i e s e r .  The d r i e d  t h i a m i n e  c h l o r i d e
h y d r o c h l o r i d e  ( 3 . 0  g ram s ,  9 m m oles) ,  p o t a s s i u m  c a r b o n a t e  
( 2 . 5  g ram s ,  18 m m o les ) ,  DMF (50 ml) and  b e n z a l d e h y d e  ( 1 . 8  
ml,  18 mmoles)  w e re  s u s p e n d e d  i n  a  t h r e e - n e c k  r o u n d  b o t t o m  
f l a s k  e q u i p p e d  w i t h  a s t i r r i n g  b a r ,  a n i t r o g e n  i n l e t ,  and 
a g a s  b u b b l e r  and  c o n n e c t e d  v i a  a  s t o p c o c k  t o  a  vacuum 
pump. The m i x t u r e  was d e g a s s e d  by a l t e r n a t i n g  c y c l e s  o f  
e v a c u a t i n g  and  f l u s h i n g  w i t h  z e r o - g r a d e  n i t r o g e n , a n d  
t h e  s o l u t i o n  was s t i r r e d  a t  0°C f o r  12 h o u r s .  M e th y le n e
c h l o r i d e  (50 ml) was ad d ed  t o  t h e  r e a c t i o n  m i x t u r e ,  t h i s  
y e l l o w  m i x t u r e  was s u c t i o n  f i l t e r e d  t o  remove s a l t s ,  and 
t h e  s o l v e n t  was rem oved  by i n  v a c u o  r o t o - e v a p o r a t i o n .  
( C a u t i o n :  do n o t  h e a t  above  45°C d u r i n g  r o t o - e v a p o r a t i o n ) .
The y e l l o w  o i l  was d i s s o l v e d  i n  c h l o r o f o r m  (25 m l ) , s u c ­
t i o n  f i l t e r e d  t o  remove s a l t s ,  and  HBT k e t o n e  was p r e c i p i ­
t a t e d  b y  t h e  d r o p w i s e  a d d i t i o n  o f  t h e  c h l o r o f o r m  s o l u t i o n  
i n t o  50 ml c o l d  e t h y l  e t h e r .  The s o l i d  was c o l l e c t e d  by 
s u c t i o n  f i l t r a t i o n ,  and  r e p r e c i p i t a t e d  f rom c h l o r o f o r m /  
e t h y l  e t h e r  y i e l d i n g  2 . 3  grams (58% b a s e d  on i n i t i a l  t h i a ­
m ine)  o f  HBT k e t o n e  a s  a m i x t u r e  o f  two i s o m e r s ,  
mp = 158°C (d e c )  mp ( l i t 155) = 163°C (d ec )
HLNMR 3
mass s p e c :  m /e  ( ab u n d a n c e )  -  122 ( 1 0 0 ) ,  265 ( 2 8 ) ,
144 ( 1 1 ) ,  77 ( 1 0 ) ,  105 ( 8 )
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The c h l o r o f o r m / e t h e r  s o l u t i o n s  w ere  com bined ,  r o t o -  
e v a p o r a t e d  t o  a  s m a l l  volume and b e n z o i n  was p r e c i p i t a t e d  
by a d d i t i o n  o f  t h i s  o r g a n i c  s o l u t i o n  t o  p e t r o l e u m  e t h e r .  
C o l l e c t i o n  o f  t h e  w h i t e  s o l i d  by s u c t i o n  f i l t r a t i o n  y i e l d e d  
750 mg (407o b a s e d  on i n i t i a l  b e n z a l d e h y d e )  o f  b e n z o i n .
mp = 134°C mp ( l i t 157) = 136°C
i
The H NMR s p e c t r u m  was i d e n t i c a l  w i t h  t h a t  o f  a p u r e
sam p le  o f  b e n z o i n .
Method B: A o n e - n e c k  ro u n d  b o t t o m  f l a s k  was e q u i p p e d  w i t h
a s t i r r i n g  b a r  and a  d r o p p i n g  f u n n e l .  The f l a s k  was 
c h a r g e d  w i t h  t h i a m i n e  c h l o r i d e  h y d r o c h l o r i d e  ( 3 . 0  g r a m s ,
9 m m oles ) ,  f r e s h l y  d i s t i l l e d  b e n z a l d e h y d e  ( 1 . 8  m l ,  18 
mmoles) and  a b s o l u t e  e t h a n o l  (50 m l ) , and  t h e  m i x t u r e  was 
f l u s h e d  w i t h  n i t r o g e n  and  c o o l e d  t o  0°C. A sod ium  e t h o x i d e  
s o l u t i o n  was added  d r o p w is e  t o  t h e  ro u n d  b o t t o m  f l a s k  o v e r  
30 m i n u t e s ,  and  t h e  r e a c t i o n  m i x t u r e  was s t i r r e d  a t  0°C f o r  
f i v e  h o u r s .  The m i x t u r e  was n e u t r a l i z e d  u n d e r  a p o s i t i v e  
n i t r o g e n  p r e s s u r e  by  t h e  d r o p w i s e  a d d i t i o n  o f  g l a c i a l  
a c e t i c  a c i d  ( g e n e r a l l y  0 .5  ml o f  a c i d  was s u f f i c i e n t ) ,  and 
t h i s  s o l u t i o n  was s t i r r e d  f o r  30 m i n u t e s  a t  0°C u n d e r  a 
n i t r o g e n  a t m o s p h e r e .  The y e l l o w  s o l u t i o n  was f i l t e r e d - -  
t h e  s o l i d  c o n t a i n s  p o t a s s i u m  s a l t ,  t h e  t r a n s - i s o m e r  o f  t h e  
k e t o n e  and  b e n z o i n ,  and  t h e  f i l t r a t e  c o n t a i n s  t h e  c i s -  
i s o m e r  o f  t h e  k e t o n e  and  some b e n z o i n .
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The c i s - i s o m e r  was i s o l a t e d  a s  f o l l o w s :  t h e  e t h a n o l  
s o l u t i o n  was f l a s h  e v a p o r a t e d  t o  d r y n e s s ,  and  t h e  y e l l o w  
s o l i d  was d i s s o l v e d  i n  c h l o r o f o r m  and  e x t r a c t e d  w i t h  two 
25 ml p o r t i o n s  o f  w a t e r .  The pH o f  t h e  w a t e r  l a y e r  was 
a d j u s t e d  t o  8  w i t h  5% sod ium  h y d r o x i d e  and  e x t r a c t e d  w i t h  
two 25 ml p o r t i o n s  o f  c h l o r o f o r m .  The com bined  c h l o r o f o r m  
l a y e r s  w ere  d r i e d  o v e r  sod ium  s u l f a t e ,  f i l t e r e d ,  r o t o -  
e v a p o r a t e d  t o  a  s m a l l  vo lum e ,  and  HBT k e t o n e  was p r e c i p i ­
t a t e d  by d r o p w i s e  a d d i t i o n  o f  t h e  c h l o r o f o r m  s o l u t i o n  i n t o  
c o l d  e t h y l  e t h e r - - t h e  w h i t e  s o l i d  was c o l l e c t e d  by s u c t i o n  
f i l t r a t i o n  y i e l d i n g  1 . 4  grams (34% y i e l d )  o f  t h e  c i s - i s o m e r  
o f  t h e  k e t o n e .  (The c h l o r o f o r m / e t h e r  l a y e r  w h ic h  c o n t a i n e d  
b e n z o i n  was s a v e d  f o r  f u r t h e r  p u r i f i c a t i o n . )
mp = 181°C (d e c )  mp ( l i t 196) = 182 - 183°C (d ec )
H1NMR 4
The i n i t i a l  p r e c i p i t a t e  c o n t a i n i n g  t h e  t r a n s - i s o m e r  
was t a k e n  up i n  c h l o r o f o r m  and  f i l t e r e d  to  remove c a r ­
b o n a t e  s a l t s .  The c h l o r o f o r m  s o l u t i o n  was r o t o - e v a p o r a t e d  
t o  50 ml ,  and  d r o p p e d  i n t o  c o l d  p e t r o l e u m  e t h e r  (50 m l ) .  
A f t e r  t h e  o r a n g e  p r e c i p i t a t e  had  fo rm ed ,  t h e  s o l u t i o n  was 
d e c a n t e d  and s a v e d  f o r  b e n z o i n  i s o l a t i o n .  The o r a n g e  
s o l i d  was d r i e d  i n  v a c u o , and  t h e  k e t o n e  was r e p r e c i p i t a t e d  
f rom  c h l o r o f o r m / e t h e r  y i e l d i n g  900 mg (23%) o f  t h e  t r a n s ­
i s o m e r  o f  t h e  k e t o n e  a s  a l i g h t  y e l l o w  s o l i d ,  




mass s p e c :  Same a s  HBT k e t o n e  p r e p a r e d  i n  Method A
The o r g a n i c  s o l u t i o n s  c o n t a i n i n g  b e n z o i n  w ere  com­
b i n e d ,  r o t o - e v a p o r a t e d  t o  d r y n e s s ,  and  t h e  l i g h t  y e l l o w  
s o l i d  was d i s s o l v e d  i n  h o t  m e th a n o l  (25 m l ) .  Upon c o o l i n g ,  
b e n z o i n  c r y s t a l l i z e d  and was c o l l e c t e d  by f i l t r a t i o n  y i e l d ­
i n g  950 mg (25% y i e l d )  o f  a w h i t e  s o l i d .
mp = 135 - 136°C mp ( l i t 157) = 137°C
The H1NMR o f  t h e  s o l i d  was i d e n t i c a l  w i t h  a p u r e
sam p le  o f  b e n z o i n .
4. S y n t h e s i s  o f  2 - a c e t y l - 3 - ( 4 - a m i n o - 2 - m e t h y l p y r i m i d i n -  
5 - y l ) m e t h y l - 3 a - m e t h y l - p e r h y d r o f u r o - [ 2 , 3 - d ] - t h i a z o l e
4.
P o t a s s i u m  c a r b o n a t e  an d  HET 1 w ere  d r i e d  i n  a  v e n t i ­
l a t e d  oven  a t  100°C o v e r n i g h t  and  DMF was p u r i f i e d  by 
d i s t i l l a t i o n  o v e r  c a l c i u m  h y d r i d e .  A t h r e e - n e c k  r o u n d -  
b o t t o m  f l a s k  was c h a r g e d  w i t h  HET c h l o r i d e  h y d r o c h l o r i d e  1̂ 
( 3 . 0  g ra m s ,  8 . 0  m m oles) ,  p o t a s s i u m  c a r b o n a t e  ( 2 . 2  g ram s ,
16 mmoles)  and  DMF (50 m l ) , and f i t t e d  w i t h  a n i t r o g e n  
i n l e t ,  and  a  g a s  b u b b l e r  and  c o n n e c t e d  v i a  a s t o p c o c k  to  
a  vacuum pump. The s o l u t i o n  was d e g a s s e d  by r e p e a t e d  
c y c l e s  o f  e v a c u a t i n g  and f l u s h i n g  w i t h  z e r o - g r a d e  n i t r o g e n ,  
and  s t i r r e d  a t  0°C f o r  12 h o u r s .  The f o l l o w i n g  p u r i f i c a ­
t i o n  ( e x c e p t  r o t o - e v a p o r a t i o n )  was p e r f o r m e d  i n  a c o l d  
room. M e th y le n e  c h l o r i d e  (50 ml)  was added  t o  t h e  r e a c t i o n
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s o l u t i o n  and t h e  r e s u l t a n t  m i x t u r e  was s u c t i o n  f i l t e r e d ;  
t h e  f i l t r a t e  was r o t o - e v a p o r a t e d  i n  vacuo  t o  remove DMF.
The y e l l o w  o i l  was d i s s o l v e d  i n  c h l o r o f o r m  (50 ml) and
e x t r a c t e d  w i t h  two 25 ml p o r t i o n s  o f  w a t e r ;  t h e  a queous
l a y e r  was a d j u s t e d  t o  pH = 8  w i t h  5% sod ium  h y d r o x i d e  and
e x t r a c t e d  w i t h  two 25 ml p o r t i o n s  o f  c h l o r o f o r m .  The
combined c h l o r o f o r m  l a y e r s  w ere  d r i e d  o v e r  sod ium s u l f a t e ,  
f i l t e r e d ,  r o t o - e v a p o r a t e d  t o  a s m a l l  volume and  t h e  k e t o n e  
was p r e c i p i t a t e d  by a d d i t i o n  o f  t h e  c h l o r o f o r m  s o l u t i o n  
i n t o  c o l d  p e t  e t h e r  (10 m l ) . The s o l i d  was c o l l e c t e d
by s u c t i o n  f i l t r a t i o n  and  r e p r e c i p i t a t e d  f rom  c h l o r o f o r m /  
p e t  e t h e r  y i e l d i n g  1 . 6  grams (65% y i e l d )  o f  HET k e t o n e
a s  a m i x t u r e  o f  i s o m e r s .
mp = 151°C ( d e c )  mp ( l i t 179) = 155 - 157°C (d e c )
H1NMR 6
5.  S y n t h e s i s  o f  3 - m e t h y l b e n z o t h i a z o l i u m  i o d i d e  5.
F r e s h l y  d i s t i l l e d  b e n z o t h i a z o l e  ( 5 . 0  g ra m s ,  37 mmoles) 
and  m e th y l  i o d i d e  (11 m l ,  185 mmoles) w ere  r e f l u x e d  i n  
2 - b u t a n o n e  (40 ml)  f o r  12 h o u r s  u n d e r  a n i t r o g e n  a t m o s ­
p h e r e .  The r e a c t i o n  m i x t u r e  was c o o l e d ,  t h e n  d e c a n t e d ,  
and t h e  l i g h t  y e l l o w  s o l i d  was c o l l e c t e d  by s u c t i o n  f i l t r a ­
t i o n  and w ashed  w i t h  e t h y l  e t h e r .  The s o l i d  was d i s s o l v e d  
i n  h o t  e t h a n o l  (150 m l ) , and t h e  s a l t  c r y s t a l l i z e d  on 
c o o l i n g ,  y i e l d i n g  9 grams (887. y i e l d )  o f  5 a s  a f l u f f y  
w h i t e  s o l i d .
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mp = 216°C (dec )  mp ( l i t 166) = 211°C 
H1NMR 7
6 . S y n t h e s i s  o f  5 - c a r b e t h o x y - 4 - m e t h y l t h i a z o l e  6 .
E t h y l  2 - b r o m o a c e t o a c e t a t e  was p r e p a r e d  by a  m o d i f i e d  
159p r o c e d u r e  o f  S m i th .  Bromine (18 ml,  0 . 3 5  m o les )  i n
c a r b o n  t e t r a c h l o r i d e  ( 1 0 0  ml) was added  d r o p w i s e ,  o v e r  two 
h o u r s ,  t o  45 ml o f  e t h y l  a c e t o a c e t a t e  i n  c a r b o n  t e t r a ­
c h l o r i d e  (300 ml)  a t  0°C. D u r in g  t h e  a d d i t i o n ,  t h e  r e a c ­
t i o n  v e s s e l  was f l u s h e d  w i t h  a s t e a d y  s t r e a m  o f  n i t r o g e n  
i n  o r d e r  t o  remove t h e  d e v e l o p e d  h y d ro g en  b ro m id e  g a s .
A f t e r  b ro m in e  a d d i t i o n ,  t h e  s o l u t i o n  was washed  w i t h  t h r e e  
1 0 0  ml p o r t i o n s  o f  s a t u r a t e d  sodium b i c a r b o n a t e  s o l u t i o n ,  
d r i e d  o v e r  sod ium  s u l f a t e ,  f i l t e r e d ,  and t h e  s o l v e n t  was 
r o t o - e v a p o r a t e d  y i e l d i n g  64 grams (847®) o f  e t h y l  2- 
b r o m o a c e t o a c e t a t e .
bp = 55 -  60°C ( 0 . 5  mm) bp ( l i t 160) = 104 - 110°C 
(15 mm).
H1NMR (CC14 , TMS) 6 1 .2 6  ( t , 3 H ,  C l^ -C ) ,  2 . 4  ( s , 3 H ,  
CH3 C0), 4 . 2 8  (q ,2H,CH 2 - 0 ) , 5 .0 3  ( s , l H ,C H B r ) .
Thioformamide was prepared by the method of Erlenmeyer
1 f l 1and  M en s i .  A o n e - l i t e r  r o u n d - b o t t o m  f l a s k  was c h a r g e d
w i t h  fo rm am ide  ( 1 0 0  ml) , e q u i p p e d  w i t h  a m e c h a n i c a l  s t i r r e r ,  
and  c o o l e d  t o  0°C i n  an  i c e - s a l t  b a t h .  P h o sp h o ru s  p e n t a -  
s u l f i d e  (50 g ram s)  was ad d ed  i n  f i v e  gram p o r t i o n s  o v e r
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two h o u r s ,  w i t h  v i g o r o u s  s t i r r i n g ,  t o  t h e  c o l d  fo rm am ide .  
A f t e r  a d d i t i o n  o f  p h o s p h o r u s  p e n t a s u l f i d e , e t h y l  e t h e r  
(500 ml)  was ad d e d  and  t h e  m i x t u r e  was s t i r r e d  v i g o r o u s l y  
o v e r n i g h t  a t  0°C, a f t e r  w h ich  t im e  t h e  e t h e r  i n s o l u b l e  mass 
h ad  s o l i d i f i e d .  The e t h e r  s o l u t i o n  was ’. e c a n t e d ,  t h e  y e l ­
low mass was washed  w i t h  e t h y l  e t h e r  (250 ml)  and t h e  com­
b i n e d  e t h e r  l a y e r s  w e re  d r i e d  w i t h  sod ium  s u l f a t e .  The 
e t h e r  s o l u t i o n  was d e c a n t e d  i n t o  a  l a r g e  E r l e n m e y e r ,  c o o l e d  
t o  0°C, an d  p h o s p h o r u s  p e n t o x i d e  was ad d e d  c a r e f u l l y ,  w i t h  
c o n s t a n t  c o o l i n g  and  s t i r r i n g ,  u n t i l  t h e  s o l u t i o n  was d r y .  
The e t h e r  l a y e r  was d e c a n t e d ,  t h e  e t h e r  was rem oved  by 
r o t o - e v a p o r a t i o n  a t  room t e m p e r a t u r e ,  and  c r u d e  t h i o f o r -  
mamide s o l i d i f i e d  upon  c o o l i n g  t h e  y e l l o w  o i l .
A t h r e e - n e c k  r o u n d  b o t t o m  f l a s k  was e q u i p p e d  w i t h  a 
d r o p p i n g  f u n n e l  and  m e c h a n i c a l  s t i r r e r  and  c h a r g e d  w i t h  
c r u d e  t h i o f o r m a m i d e  i n  e t h a n o l  (15 m l ) . The s o l u t i o n  was 
c o o l e d  a t  0°C, and  e t h y l  2 - b r o m o a c e t o a c e t a t e  (64 g ram s ,
0 . 3  m o le s )  was a d d e d  d r o p w i s e  o v e r  two h o u r s .  The s o l u t i o n  
was s t i r r e d  a t  0°C o v e r n i g h t  and t h e n  a t  room t e m p e r a t u r e  
f o r  24 h o u r s .  The c o l l e c t e d  s o l i d  was r e p r e c i p i t a t e d  f rom  
e t h a n o l / e t h e r  y i e l d i n g  30 grams (38%) o f  5 - c a r b e t h o x y - 4 -  
m e t h y l t h i a z o l i u m  h y d r o b r o m i d e .
mp = 188°C
H1NMR (D2 0) : 5 1 .2 5  ( t , 3H, Clhj-C) , 2 .6 7  ( s  , 3H , 4-CH3 ) , 4
4 . 3 2  (q ,2H,CH 2 - 0 ) , 9 . 7 3  ( s , l H ,  C-2 H ) .
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The t h i a z o l i u m  s a l t  (10 g ram s ,  0 . 0 4  m o le s )  was d i s ­
s o l v e d  i n  w a t e r  (50 ml)  an d  t h e  pH o f  t h e  s o l u t i o n  was 
a d j u s t e d  to  1 0  by t h e  a d d i t i o n  o f  1 0 % sod ium  h y d r o x i d e .
The a q u e o u s  s o l u t i o n  was e x t r a c t e d  w i t h  t h r e e  50 ml p o r ­
t i o n s  o f  e t h y l  e t h e r ,  t h e  com bined  o r g a n i c  l a y e r s  w ere  
d r i e d  o v e r  sod ium  s u l f a t e  and f i l t e r e d ,  and  t h e  s o l v e n t  
was removed  by f l a s h  e v a p o r a t i o n .  The c r u d e  p r o d u c t  was 
p u r i f i e d  by  d i s t i l l a t i o n  y i e l d i n g  6 . 1  grams (90% y i e l d )  o f  
6 .
bp = 102°C (3mm) bp ( l i t 162) = 215 - 220°C.
H1NMR 8
7. S y n t h e s i s  o f  5 - c a r b e t h o x y - 3 , 4 - d i m e t h y l t h i a z o l i u m  
i o d i d e  7.
M e th y l  i o d i d e  ( 8 . 9  ml,  0 . 1 4  m o le s )  and  5 - c a r b e t h o x y -
4 - m e t h y l t h i a z o l e  6  ( 5 . 0  g r a m s ,  0 .0 2 9  m o le s )  w e re  r e f l u x e d  
i n  2 - b u t a n o n e  (60 ml)  f o r  24 h o u r s . The r e d  s o l u t i o n  was 
r o t o - e v a p o r a t e d  t o  a s m a l l  vo lum e ,  and  t h e  s o l u t i o n  was 
a d d e d  d r o p w i s e  i n t o  c o l d  e t h y l  e t h e r  (100 m l ) . The l i g h t  
y e l l o w  p r e c i p i t a t e  was c o l l e c t e d  by s u c t i o n  f i l t r a t i o n  and  
r e p r e c i p i t a t e d  f rom  h o t  a c e t o n e - e t h y l  e t h e r  y i e l d i n g  7 .5  
g rams (85% y i e l d )  o f  7 as  a f l u f f y  w h i t e  s o l i d ,  
mp = 152 - 153°C mp ( l i t 163) -  153°C 
H1NMR 9
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8 . S y n t h e s i s  o f  5 , 5 1 ~ b i c a r b e t h o x y - 3 , 3 1 ; 4 , 4 1 - b i - d i m e t h y l -  
b i - t h i a z o l i n e  8 .
A l l  g l a s s w a r e  was d r i e d  i n  an oven o v e r n i g h t .  A 150 
ml t h r e e - n e c k  ro u n d  b o t t o m  f l a s k  was e q u i p p e d  w i t h  a r e f l u x  
c o n d e n s e r ,  a  n i t r o g e n  i n l e t ,  a g a s  b u b b l e r ,  and  a  m a g n e t i c  
s t i r r i n g  b a r ,  and  was c o n n e c t e d  t o  a vacuum pump v i a  a 
s t o p c o c k .  W hi le  f l u s h i n g  w i t h  z e r o  g r a d e  n i t r o g e n ,  t h e  
f l a s h  was c h a r g e d  w i t h  d r y  1_ ( 1 . 0  gram, 3 . 2  mmole) ,  f r e s h l y  
d i s t i l l e d  a n h y d ro u s  a c e t o n e ' * ' ^  (15 ml) , and  t r i e t h y l a m i n e  
( 0 . 8 9  m l ,  6 . 4  mmole) .  The deep  r e d  s o l u t i o n  was d e g a s s e d  
i n  v a c u o  an d  r e f l u x e d  f o r  t h r e e  h o u r s  u n d e r  a p o s i t i v e  
n i t r o g e n  p r e s s u r e .  A c e to n e  and  e x c e s s  b a s e  w ere  removed 
i n  v a c u o  an d  t h e  r e a c t i o n  v e s s e l  was t r a n s f e r r e d  t o  an  
i n e r t  a t m o s p h e r e  i n  a c o l d  room ( 4 ° C ) . The r e d  d im er  was 
t a k e n  up i n  e t h y l  e t h e r  and  t h e  m i x t u r e  was f i l t e r e d  t o  
remove t r i e t h y l a m m o n i u m  i o d i d e .  The e t h e r  was removed  i n  
vacu o  y i e l d i n g  650 mg (637# y i e l d )  o f  8  a s  a  l i g h t  r e d  o i l .  
A l l  a t t e m p t s  t o  c r y s t a l l i z e  t h e  d im e r  w ere  u n s u c c e s s f u l  and 
due t o  i t s  s e n s i t i v i t y  t o  h e a t ,  oxygen ,  and  a c i d  i t  c o u l d  
n o t  be p u r i f i e d  t o  h o m o g e n e i ty .
H1NMR 10
mass s p e c :  m/e  ( a b u n d a n c e )  - 186 ( 1 0 0 ) ,  158 ( 5 7 ) ,
142 (26) , 355 (9)  , 370 ( 3 , ^ )  .
9.  O x i d a t i o n  o f  8  t o  5 - c a r b e t h o x y - 3 , 4 - d i m e t h y l - 2 -  
t h i a z o l o n e  9.
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A s o l u t i o n  o f  2 (659 mg, 1 .8  mmole) i n  10 ml b e n zen e  
was r e f l u x e d  i n  t h e  p r e s e n c e  o f  m o l e c u l a r  oxygen  f o r  f o u r  
h o u r s .  A f t e r  r o t o - e v a p o r a t i o n , t h i a z o l o n e  9 was p u r i f i e d  
f rom  t h e  b l a c k  o i l  by i n  v ac u o  m i c r o d i s t i l l a t i o n  and  s u b ­
l i m a t i o n  y i e l d i n g  420 mg o f  9 a s  l i g h t  y e l l o w  c r y s t a l s ,  
mp = 61 - 63°C mp ( l i t * -®-*) = 63°C.
H1NMR 11 
IR 2
10. The c o n v e r s i o n  o f  d im er  t o  s t a r t i n g  t h i a z o l i u m  s a l t  
7 i n  d i l u t e  a c i d .
Dimer 8  (530 mg, 1 . 4  mmole) was d i s s o l v e d  i n  10 ml o f  
a 1 0 % e t h a n o l i c  h y d r o g e n  i o d i d e  s o l u t i o n ,  and t h e  r e a c t i o n  
s o l u t i o n  was f l u s h e d  w i t h  n i t r o g e n  and s t i r r e d  a t  room 
t e m p e r a t u r e  f o r  f o u r  h o u r s .  The volume was r e d u c e d  by 
f l a s h  e v a p o r a t i o n  and 5 - c a r b e t h o x y - 3 , 4 - d i m e t h y l t h i a z o l i u m  
i o d i d e  1_ was p r e c i p i t a t e d  by d r o p p i n g  t h e  s o l u t i o n  i n t o  
c o l d  e t h y l  e t h e r  (50 m l ) . The p r e c i p i t a t e  was r e c r y s t a l ­
l i z e d  f rom  h o t  a c e t o n e / e t h y l  e t h e r  y i e l d i n g  560 mg (64% 
y i e l d )  o f  7 a s  a  l i g h t  y e l l o w  s o l i d ,  
mp = 151°C .
The H^NMR was i d e n t i c a l  t o  H^NMR 9.
11.  S y n t h e s i s  o f  3 - b e n z y l - 5 - c a r b e t h o x y - 4 - m e t h y l t h i a z o l i u m  
b ro m id e  1 0 .
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A ro u n d  b o t to m  f l a s k  was e q u ip p e d  w i t h  a  r e f l u x  c o n ­
d e n s e r  and  a s t i r r i n g  b a r .  The f l a s k  was c h a r g e d  w i t h  5-  
c a r b e t h o x y - 4 - m e t h y l - t h i a z o l e  6  (2 g ram s,  12 m m oles ) ,  
b e n z y l  b ro m id e  (7 ml,  59 mmoles) and 2 - b u t a n o n e  (60 m l ) ,  
and  t h e  s o l u t i o n  was r e f l u x e d  f o r  two days  u n d e r  a n i t r o ­
g en  a t m o s p h e r e .  The s o l u t i o n  was r o t o - e v a p o r a t e d  t o  remove 
s o l v e n t ,  t h e  r e s u l t a n t  brown o i l  was d i s s o l v e d  i n  a b s o l u t e  
e t h a n o l  (25 m l ) , and  t h e  s a l t  was p r e c i p i t a t e d  by  a d d i t i o n  
o f  t h i s  s o l u t i o n  i n t o  c o l d  e t h y l  e t h e r  (100 m l ) .  The s o l i d  
was c o l l e c t e d  by s u c t i o n  f i l t r a t i o n  a n d  r e p r e c i p i t a t e d  f rom  
e t h a n o l / e t h y l  e t h e r  y i e l d i n g  2 . 5  grams (62% y i e l d )  o f  10 
a s  a w h i t e  s o l i d .
mp = 184°C (d e c )  mp ( l i t )  = 186°C (d ec )
H1NMR 12
12.  S y n t h e s i s  o f  2 - ( 5 - c a r b e t h o x y - 4 - m e t h y l t h i a z o l - 2 - y l ) -
5 - c a r b e t h o x y - 2 , 3 - d i b e n z y l - 4 - m e t h y l t h i a z o l i d i n e  11̂
A t h r e e - n e c k  r o u n d - b o t t o m  f l a s k  was e q u i p p e d  w i t h  a 
r e f l u x  c o n d e n s e r ,  a  n i t r o g e n  i n l e t ,  a  g a s  b u b b l e r  and  c o n ­
n e c t e d  v i a  a s t o p c o c k  to  a vacuum pump. The a p p a r a t u s  was 
f l a m e d  w h i l e  p u r g i n g  w i t h  n i t r o g e n ,  and  t h e n  t h e  f l a s k  was 
c h a r g e d  w i t h  3 - b e n z y l - 5 - c a r b e t h o x y - 4 - m e t h y l t h i a z o l i u m  
b ro m id e  1C) ( 1 . 0  gram, 2 . 9  m m oles) ,  f r e s h l y  d i s t i l l e d  t r i -  
e t h y l a m i n e  ( 0 . 8  ml,  5 . 8  mmoles) and  a n h y d r o u s  a c e t o n e  (50 
m l ) . The s o l u t i o n  was d e g a s s e d  by c y c l e s  o f  e v a c u a t i n g  and  
f l u s h i n g  w i t h  z e r o - g r a d e  n i t r o g e n ,  and  t h e  s o l u t i o n  was
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r e f l u x e d  u n d e r  a  p o s i t i v e  n i t r o g e n  p r e s s u r e  f o r  f o u r  h o u r s .  
The f o l l o w i n g  p u r i f i c a t i o n  ( e x c e p t  f o r  r o t o - e v a p o r a t i o n )  
was p e r f o r m e d  u n d e r  a n i t r o g e n  a tm o s p h e r e  a t  4°C. S o l v e n t  
and  e x c e s s  b a s e  w ere  removed i n  v a c u o , and  t r i e t h y l a m m o n i u m  
b ro m id e  was p r e c i p i t a t e d  by t h e  a d d i t i o n  o f  e t h y l  e t h e r .  
A f t e r  f i l t r a t i o n ,  t h e  s o l u t i o n  was r e d u c e d  t o  a  s m a l l  
volume by r o t o - e v a p o r a t i o n  and  t h e  p r o d u c t  was p r e c i p i t a t e d  
by  t h e  a d d i t i o n  o f  c o l d  m e t h a n o l .  R e c r y s t a l l i z a t i o n  
a f f o r d e d  520 mg (687o y i e l d )  o f  1JL a s  y e l l o w  c r y s t a l s ,  
mp = 164°C (d e c )
H1NMR 13 
IR 3
Anal  c a l c d  f o r  : 0 , 6 4 . 3 4 ;  H, 5 . 7 9 ;
N, 5 . 3 6 .
Found:  C , 6 4 . 2 2 ,  H , 5 . 9 9 ,  N . 4 . 9 3 .
M o l e c u l a r  w e i g h t  ( b a s e d  on d e p r e s s i o n  o f  t h e  m e l t i n g  
p o i n t  o f  b e n z o p h e n o n e )  = 550 ± 40 ,  M o l e c u l a r  w e i g h t  
( c a l c d )  = 522
Mass s p e c :  m/e  ( a b u n d a n c e )  -  91 ( 1 0 0 ) ,  431 ( 2 7 ) .
13.  S y n t h e s i s  o f  4 - m e t h y l - 5 - ( 2 - 0 - t r i p h e n y l m e t h y l - h y d r o x y -  
e t h y l )  t h i a z o l e  1 2 .
A s o l u t i o n  o f  f r e s h l y  d i s t i l l e d  4 - m e t h y l - 5 - ( 2 - h y d r o x y -  
e t h y l ) - t h i a z o l e  ( 5 . 0  g ram s ,  35 m m oles ) ,  f r e s h l y  d i s t i l l e d  
t r i e t h y l a m i n e  ( 5 . 4  ml,  39 m m oles) ,  t r i t y l  c h l o r i d e  ( 5 . 4  m l ,  
39 m m o les ) ,  N, N - d i m e t h y l a m i n o p y r i d i n e  c a t a l y s t  ( 0 . 5  g r a m s ) ,
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and  m e t h y l e n e  c h l o r i d e  (50 ml)  was s t i r r e d  f o r  48 h o u r s  
a t  room t e m p e r a t u r e .  The r e a c t i o n  m i x t u r e  was e x t r a c t e d  
w i t h  two 50 ml p o r t i o n s  o f  c o l d  0.5N HC1; t h e  m e t h y l e n e  
c h l o r i d e  e x t r a c t  was d r i e d  o v e r  sod ium  s u l f a t e ,  f i l t e r e d ,  
r e d u c e d  t o  a  s m a l l  volume by r o t o - e v a p o r a t i o n ,  and t h e  
p r o d u c t  was p r e c i p i t a t e d  by a d d i t i o n  o f  t h i s  s o l u t i o n  i n t o  
c o l d  m e t h a n o l .  The p r o d u c t  was e x t r a c t e d  f rom  t h e  p r e c i p i ­
t a t e  w i t h  h o t  e t h y l  e t h e r ,  w h ich  upon e v a p o r a t i o n  y i e l d e d
12 a s  w h i t e  c r y s t a l s  ( 7 . 0  g ra m s ,  50% y i e l d ) .
mp = 139°C .
H1NMR 14 
IR 4
A na l  c a l c d  f o r  CocHooN0S: C . 7 7 . 8 9 ;  H, 6 . 0 1 ;  N, 3 . 6 3 .25 2 j
Found: C . 7 7 . 6 4 ;  H, 6 . 2 5 ;  N, 3 . 4 8 .
14. S y n t h e s i s  o f  3 - b e n z y l - 4 - m e t h y l - 5 - ( 2 - 0 - t r i p h e n y l m e t h y l -  
h y d r o x y e t h y l ) t h i a z o l i u m  b ro m id e  13.
The t r i t y l  e t h e r  o f  t h e  t h i a m i n e  t h i a z o l e  12 (5 g ra m s ,
13 mmoles)  and b e n z y l b r o m id e  ( 2 . 0  ml ,  26 mmoles)  w ere  
r e f l u x e d  i n  2 - b u t a n o n e  (30 ml) u n d e r  n i t r o g e n  f o r  24 h o u r s .  
The s a l t  was p r e c i p i t a t e d  by a d d i t i o n  o f  t h e  r e a c t i o n  s o l u ­
t i o n  i n t o  e t h y l  e t h e r ,  t h e  s o l i d  was c o l l e c t e d  by s u c t i o n  
f i l t r a t i o n  and  r e c r y s t a l l i z e d  f ro m  m e t h a n o l / e t h e r  y i e l d i n g  
6 . 6  grams (71% y i e l d )  o f  1J a s  w h i t e  c r y s t a l s .
mp = 220°C (d e c )
H1NMR 15
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A nal  c a l c d  f o r  C ^ ^ Q N O S B r :  C , 6 9 . 0 6 ;  H, 5 . 6 1 ;  N, 2 .5 2
Found: C, 6 8 . 9 6 ;  H, 5 . 2 5 ;  N, 2 . 3 4 .
15. S y n t h e s i s  o f  2 , 3 - d i b e n z y l - 2 - [ 4 - m e t h y l - 5 - ( 2 - 0 - t r i p h e n y l  
m e t h y l - h y d r o x y e t h y l ) t h i a z o l - 2 - y l ] - 4 - m e t h y l - 5 - ( 2 - 0 -  
t r i p h e n y l m e t h y l - h y d r o x y e t h y l ) t h i a z o l i n e  14.
A t h r e e - n e c k  ro u n d  b o t to m  f l a s k  was e q u i p p e d  w i t h  a 
m a g n e t i c  s t i r r i n g  b a r ,  a  r e f l u x  c o n d e n s e r ,  a n i t r o g e n  
i n l e t ,  and  a  g a s  b u b b l e r ,  and  c o n n e c t e d  to  a  vacuum pump 
v i a  a s t o p c o c k .  The a p p a r a t u s  was f l a m e d  w h i l e  p u r g i n g  
w i t h  z e r o - g r a d e  n i t r o g e n  and c h a r g e d  w i t h  t h i a z o l i u m  s a l t  
13 (500 mg, 0 . 9  mmole),  a n h y d r o u s  a c e t o n e  (15 m l)  an d  
f r e s h l y  d i s t i l l e d  1 , 5 - d i a z a - [ 4 . 3 . 0 ] - b i c y c l o n o n - 5 - e n e  (DBN) 
( 0 .1 3  ml,  1 .0 7  mmole) .  The s o l u t i o n  was d e g a s s e d  by  a l t e r ­
n a t i n g  c y c l e s  o f  e v a c u a t i n g  and  f l u s h i n g  w i t h  n i t r o g e n ,  
and r e f l u x e d  f o r  f o u r  h o u r s  u n d e r  a  p o s i t i v e  n i t r o g e n  
p r e s s u r e .  The s o l v e n t  was removed  i n  v a c u o  an d  t h e  p r o d u c t  
was p r e c i p i t a t e d  by t h e  a d d i t i o n  o f  c o l d  m e t h a n o l  ( 1 0  m l ) .  
The p r o d u c t  was r e c r y s t a l l i z e d  f ro m  c h l o r o f o r m / p e t r o l e u m  
e t h e r  y i e l d i n g  160 mg (37% y i e l d )  o f  a s  a l i g h t  y e l l o w  
s o l i d .
mp = 89 -  90°C (d e c )
HLNMR 16 
IR 5
Anal  c a l c d  f o r  0 „ S n • 2H2 0:  C, 7 7 . 8 5 ;  H, 6 .3 1 ;
64 5o 2 2 2
N, 2.84,
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Found: C, 7 7 .7 3 ;  H . 6 . 3 7 ;  N, 2 . 8 9 .
16. S y n t h e s i s  o f  3 - b e n z y l - b e n z o t h i a z o l i u m  b ro m id e  1 5 . 
F r e s h l y  d i s t i l l e d  b e n z o t h i a z o l e  (4 m l ,  37 mmole) and
b e n z y l b r o m i d e  ( 8 . 8  m l ,  74 mmole) w ere  r e f l u x e d  i n  100 ml 
t o l u e n e  f o r  24 h o u r s  u n d e r  a  n i t r o g e n  a t m o s p h e r e .  The 
s o l i d  w h ic h  fo rm s  upon c o o l i n g  was c o l l e c t e d  by s u c t i o n  
f i l t r a t i o n  and  w ashed  w i t h  e t h y l  e t h e r .  The s o l i d  was d i s ­
s o l v e d  i n  m e t h a n o l  and p r e c i p i t a t e d  i n  e t h y l  e t h e r .  S u c ­
t i o n  f i l t r a t i o n  y i e l d e d  6 . 6  grams (58% y i e l d )  o f  15 a s  a 
l i g h t  y e l l o w  s o l i d .
mp = 190°C (d e c )  mp ( l i t ' * ' ^ )  = 186°C (d e c )
HLNMR 17
17. S y n t h e s i s  o f  2 - ( b e n z o t h i a z o l - 2 - y l ) - 2 , 3 - d i b e n z y l - 
b e n z o t h i a z o l i n e  16.
A t h r e e - n e c k  ro u n d  b o t t o m  f l a s k  was e q u i p p e d  w i t h  a 
r e f l u x  c o n d e n s e r ,  a m a g n e t i c  s t i r r i n g  b a r ,  a  n i t r o g e n  
i n l e t ,  and  a g a s  b u b b l e r ,  and  c o n n e c t e d  t o  a vacuum pump 
v i a  a s t o p c o c k .  The a p p a r a t u s  was f l a m e d  w h i l e  p u r g i n g  
w i t h  n i t r o g e n  an d  c h a r g e d  w i t h  3 - b e n z y l - b e n z o t h i a z o l i u m
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bromide  ]J5 (850 mg, 2 .7 8  mmole) ,  f r e s h l y  p u r i f i e d  t r i -  
e t h y l a m i n e  ( 0 . 8 4  ml,  6 . 0  m m ole) ,  and  f r e s h l y  d i s t i l l e d  
a n h y d r o u s  a c e t o n e  (15 m l ) . The r e a c t i o n  s o l u t i o n  was 
d e o x y g e n a t e d  by r e p e a t e d  c y c l e s  o f  e v a c u a t i n g  and  f l u s h i n g  
w i t h  n i t r o g e n ,  and  was r e f l u x e d  u n d e r  a p o s i t i v e  n i t r o g e n  
p r e s s u r e  f o r  two h o u r s .  The r e a c t i o n  m i x t u r e  was c o o l e d  
t o  4°C, and  t h e  s o l v e n t  was removed  i n  v a c u o . The f o l l o w ­
i n g  p u r i f i c a t i o n  was p e r f o r m e d  u n d e r  a  n i t r o g e n  a tm o s p h e r e  
a t  4°C. The s o l i d  was d i s s o l v e d  i n  c h l o r o f o r m  an d  d r o p p e d ,  
w i t h  s t i r r i n g ,  i n t o  e t h y l  e t h e r .  The p r e c i p i t a t e d  t r i -  
e thylammonium b ro m id e  was removed  by f i l t r a t i o n ,  t h e  f i l ­
t r a t e  was r e d u c e d  t o  a  s m a l l  vo lum e by r o t o - e v a p o r a t i o n ,  
and  t h e  r e a r r a n g e d  d im e r  was p r e c i p i t a t e d  by t h e  a d d i t i o n  
o f  c o l d  m e t h a n o l .  The s o l i d  was c o l l e c t e d  by f i l t r a t i o n  
an d  r e p r e c i p i t a t e d  f ro m  c h l o r o f o r m / p e t r o l e u m  e t h e r  y i e l d ­
i n g  450 grams (72% y i e l d )  o f  1J5 a s  w h i t e  c r y s t a l s .
mp = 160 -  161°C (d ec )  mp ( l i t 192) = 147°C (d e c )
HLNMR 18 
IR ' ~ 6
A nal  c a l c d  f o r  0 2 ^ 2 2 ^ 2 ^ 2 '  ^ ’ ^ 4 .6 3 ;  H, 4 . 9 2 ;  N, 6 .2 2
Found: C, 7 4 .5 3 ;  H, 5 . 2 8 ;  N, 6 . 1 7 .
M o le c u la r  w e i g h t  ( b a s e d  on d e p r e s s i o n  o f  t h e  mp o f  
b e n zo p h en o n e )  = 480 ± 40 ;  M o l e c u l a r  w e i g h t  ( c a l c d )  = 
450.
mass s p e c :  m/e  ( a b u n d a n c e )  -  91 ( 1 0 0 ) ,  359 ( 3 4 ) ,
268 (2.3)
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18. S y n t h e s i s  o f  ( c i s , t r a n s ) - 2 - [ 5 - ( 2 - h y d r o x y e t h y l ) - 4 -  
m e t h y l t h i a z o l - 2 ~ y i ] - 2 , 3 - d i -  [ ( 4 - a m i n o - 2 - m e t h y l -  
p y r i m i d i n - 5 - y l ) m e t h y l ] - 3 a - m e t h y l - p e r h y d r o f u r o -  
( 2 , 3 - d ) - t h i a z o l e  1 7 .
T h iam ine  c h l o r i d e  h y d r o c h l o r i d e  (10 gram s)  and  p o t a s ­
s ium  c a r b o n a t e  ( 8 . 2  g ram s)  w ere  p u l v e r i z e d  and d r i e d  w i t h  
a l l  g l a s s w a r e  i n  a  v e n t i l a t e d  d r y i n g  oven a t  130°C o v e r ­
n i g h t .  D im e th y l fo rm cm id e  was p u r i f i e d  by two d i s t i l l a ­
t i o n s  u n d e r  n i t r o g e n  f rom  c a l c i u m  h y d r i d e - - f r a c t i o n s  b o i l ­
i n g  a t  153-154°C w ere  c o l l e c t e d .  A 300 ml,  3 - n e c k ,  r o u n d  
b o t to m  f l a s k  was e q u i p p e d  w i t h  a  s t i r r i n g  b a r ,  a n i t r o g e n  
i n l e t ,  a  gas  b u b b l e r ,  and  c o n n e c t e d  t o  a  vacuum pump v i a  a  
s t o p c o c k .  The f l a s k  was c h a r g e d  w i t h  d r y  t h i a m i n e  c h l o r i d e  
h y d r o c h l o r i d e ,  p o t a s s i u m  c a r b o n a t e ,  and d im e th y l fo r m a m id e  
( 1 0 0  m l ) ; t h e  m i x t u r e  was d e g a s s e d  by r e p e a t e d  c y c l e s  o f  
e v a c u a t i n g  an d  f l u s h i n g  w i t h  z e r o - g r a d e  n i t r o g e n ,  and t h e  
m i x t u r e  was h e a t e d  w i t h  v i g o r o u s  s t i r r i n g  i n  a  w a t e r  b a t h  
a t  45°C u n d e r  a  p o s i t i v e  n i t r o g e n  p r e s s u r e  f o r  s i x  h o u r s .  
The f o l l o w i n g  p u r i f i c a t i o n  ( e x c e p t  r o t o - e v a p o r a t i o n )  was 
p e r f o r m e d  i n  a  c o l d  room (4°C) u n d e r  a n i t r o g e n  a t m o s p h e r e .  
M e th y le n e  c h l o r i d e  (100 ml)  was ad d ed  t o  t h e  c o o l e d  r e a c ­
t i o n  m i x t u r e  and t h e  w h i t e  p r e c i p i t a t e  was c o l l e c t e d  by 
s u c t i o n  f i l t r a t i o n  and  d i s c a r d e d .  The m o th e r  l i q u o r  was 
r o t o - e v a p o r a t e d  i n  vacuo  t o  remove s o l v e n t  ( c a u t i o n :  do
n o t  r a i s e  t h e  w a t e r  b a t h  above  4 5 ° C ) . The r e s u l t a n t  l i g h t  
y e l l o w  o i l  was d i s s o l v e d  i n  c h l o r o f o r m  (50 m l ) , s u c t i o n
69
f i l t e r e d  i f  n e c e s s a r y  t o  remove s a l t s ,  and  t h e  d im er  m ix ­
t u r e  was p r e c i p i t a t e d  by t h e  s lo w  a d d i t i o n  o f  t h e  c h l o r o ­
form  s o l u t i o n  i n t o  c o l d  e t h y l  e t h e r  ( 1 0 0  ml)  w i t h  v i g o r o u s  
s t i r r i n g - - t h e  l i g h t  y e l l o w  s o l i d  was c o l l e c t e d  by s u c t i o n  
f i l t r a t i o n .  The s o l i d  was d i s s o l v e d  i n  a n h y d ro u s  m e th a n o l  
(50 ml)  c o n t a i n i n g  g l a c i a l  a c e t i c  a c i d  ( 1 . 2  m l ) ,  and  t h i s  
s o l u t i o n  was f l u s h e d  w i t h  z e r o - g r a d e  n i t r o g e n  and  s t i r r e d  
f o r  one  h o u r  a t  0°C. The m e th a n o l  was removed by r o t o -  
e v a p o r a t i o n ,  t h e  y e l l o w  o i l  was d i s s o l v e d  i n  c h l o r o f o r m  
(50 m l ) , and  t h e  c h l o r o f o r m  s o l u t i o n  was e x t r a c t e d  w i t h  two 
50-m l  p o r t i o n s  o f  c o l d  w a t e r .  The w a t e r  l a y e r  was n e u t r a l ­
i z e d  to  pH -  7 w i t h  5% sod ium  h y d r o x i d e  and  e x t r a c t e d  w i t h  
two 50-m l  p o r t i o n s  o f  c h l o r o f o r m .  The combined  c h l o r o f o r m  
e x t r a c t s  w e re  d r i e d  o v e r  sod ium  s u l f a t e ,  f i l t e r e d ,  r o t o -  
e v a p o r a t e d  t o  a s m a l l  vo lum e,  and t h e  d im e r  was p r e c i p i ­
t a t e d  by t h e  s lo w  a d d i t i o n  o f  t h e  c h l o r o f o r m  s o l u t i o n  i n t o  
50 ml c o l d  e t h y l  e t h e r  w i t h  v i g o r o u s  s t i r r i n g .  The w h i t e  
s o l i d  was c o l l e c t e d  by s u c t i o n  f i l t r a t i o n ,  and t h e  d im er  
was r e p r e c i p i t a t e d  by d i s s o l v i n g  i n  c h l o r o f o r m  (25 m l ) , 
f i l t e r i n g ,  p r e c i p i t a t i n g  i n  c o l d  e t h y l  e t h e r  and  c o l l e c t ­
i n g  t h e  s o l i d  by g r a v i t y  f i l t r a t i o n .  For  an a n a l y t i c a l  
s a m p le ,  t h e  r e p r e c i p i t a t i o n  was r e p e a t e d  t w i c e ,  and s o l v e n t  
was removed i n  v acu o  a t  4°C.  B ec au se  o f  t h e  i n s t a b i l i t y  o f  
t h e  d im e r ,  i t  was s t o r e d  a t  -70°C .  
y i e l d  - 1 .3  grams (17%) 
mp = 81°C (d e c )
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H1NMR 19
H^NMR 20 (H-D e x c h a n g e )
200 MH3  H^MR (<5 0 . 0  - 9 . 0 )  21 
200 MH3  HLNMR ( 6  1 . 0  -  4 . 5 )  22 
IR 7
m o l e c u l a r  w e i g h t  ( b a s e d  on d e p r e s s i o n  o f  t h e  m e l t i n g  
p o i n t  o f  b e n z o p h e n o n e )  = 580 ± 40; m o l e c u l a r  w e i g h t  
( c a l c u l a t e d )  = 566 .
e l e m e n t a l  a n a l y s i s  c a l c d  f o r  C2 4 H3 2 N8 ®2 S 2  2 ^ 0 :
C, 5 1 . 0 4 ;  H, 6 . 4 3 ;  N, 1 9 . 8 4 .
Found:  C, 5 1 . 1 1 ;  H, 6 . 0 9 ;  N, 1 9 . 7 3 .
mass  s p e c :  m/e  ( a b u n d a n c e )  -  122 ( 1 0 0 . 0 ) ,  285 ( 8 1 . 4 ) ,
406 ( 5 1 ) ,  243 ( 4 0 ) ,  498 ( 0 . 1 ) .
19 .  S y n t h e s i s  o f  3 , 4 - d i m e t h y l - 5 - ( 2 - h y d r o x y e t h y l ) - 
t h i a z o l i u m  i o d i d e  18.
A s o l u t i o n  c o n t a i n i n g  5 - ( 2 - h y d r o x y e t h y l ) - 4 - m e t h y l  
t h i a z o l e  ( 2 . 0  g ram s ,  14 mmole) ,  m e t h y l  i o d i d e  ( 6  m l ,  98 
mmole) and  2 - b u t a n o n e  (25 ml) was r e f l u x e d  u n d e r  n i t r o g e n  
o v e r n i g h t .  The r e a c t i o n  m i x t u r e  was r e d u c e d  by r o t o -  
e v a p o r a t i o n  and  t h e  brown o i l  was d i s s o l v e d  i n  w a t e r  (25 
ml)  an d  e x t r a c t e d  w i t h  t h r e e  25 ml p o r t i o n s  o f  c h l o r o f o r m .  
The a q u eo u s  s o l u t i o n  was r o t o - e v a p o r a t e d , t h e  y e l l o w  o i l  
was t a k e n  up i n  e t h a n o l  ( 1 0  m l ) , an d  t h e  s a l t  was p r e c i p i ­
t a t e d  by a d d i t i o n  o f  t h i s  s o l u t i o n  i n t o  c o l d  e t h y l  e t h e r .  
R e p r e c i p i t a t i o n  f rom e t h a n o l / e t h y l  e t h e r  y i e l d e d  2 . 8  grams
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(83% y i e l d )  o f  1JJ a s  a l i g h t  y e l l o w  p r e c i p i t a t e .  F o r  H-D 
e x c h a n g e  s t u d i e s  t h e  s o l i d  was r e p r e c i p i t a t e d  t h r e e  t i m e s ,  
mp = 89°C mp ( l i t 167) = 8 8 °C 
H1NMR 23
20.  S y n t h e s i s  o f  3 - ( 4 - a m i n o - 2 - m e t h y l - p y r i m i d i n - 5 - y l )  
m e th y 1 - 5 - c a r b e t h o x y - 4 - m e t h y 1 t h i a z o l i u m  c h l o r i d e  
h y d r o c h l o r i d e  1 9 .
A s o l u t i o n  o f  5 - c a r b e t h o x y - 4 - m e t h y l t h i a z o l e  6  ( 5 . 0  
g r a m s ,  29 mmole) ,  4 - a m i n o - 5 - c h l o r o m e t h y l - 2 ~ m e t h y l -  
p y r i m i d i n e  h y d r o c h l o r i d e  ( 5 .6 3  g ram s,  58 mmole) an d  1- 
p r o p a n o l  (15 ml)  w ere  h e a t e d  a t  104°C f o r  f i v e  h o u r s .  To 
t h e  r e a c t i o n  m i x t u r e  was ad d ed  e t h a n o l  (25 ml) and  t h e  
p r e c i p i t a t e  was c o l l e c t e d  by s u c t i o n  f i l t r a t i o n .  The c o l ­
l e c t e d  s a l t  was r e c r y s t a l l i z e d  f rom  h o t  e t h a n o l  y i e l d i n g  
1 . 8  grams (17% y i e l d )  o f  19 a s  a  w h i t e  s o l i d ,  
mp = 220°C mp ( l i t 166) = 210°C.
H1NMR 24
The p r o p a n o l / e t h a n o l  s o l u t i o n  was e v a p o r a t e d  t o  a  s m a l l  
vo lum e and t h e  s t a r t i n g  t h i a z o l e  6  was i s o l a t e d  by d i s t i l ­
l a t i o n  y i e l d i n g  3 .7  grams (74% y i e l d )  o f  a l i g h t  y e l l o w  o i l .
21 .  S y n t h e s i s  o f  8 - c a r b e t h o x y - 2 , 4 - d i m e t h y l - [ 5 , 1 0 -H ] - 
t h i a c h r o m i n e  2 0 .
A t h r e e - n e c k ,  r o u n d  b o t t o m  f l a s k  was e q u i p p e d  w i t h  a 
r e f l u x  c o n d e n s e r ,  a m a g n e t i c  s t i r r i n g  b a r ,  a  n i t r o g e n  i n l e t
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and  a g a s  b u b b l e r ,  and c o n n e c t e d  t o  a  vacuum pump v i a  a 
s t o p c o c k .  The f l a s k  was f l a m e d  w h i l e  p u r g i n g  w i t h  n i t r o ­
g e n ,  an d  t h e  f l a s k  was c h a r g e d  w i t h  1£  ( 1 . 0  gram,  2 .7 3  
mmole) ,  f r e s h l y  p u r i f i e d  t r i e t h y l a m i n e  ( 0 . 7 6  ml,  5 .4 6  
mmole) and  a n h y d r o u s  a c e t o n e  (15 m l ) . A f t e r  t h e  s o l u t i o n  
was d e o x y g e n a t e d  by c y c l e s  o f  e v a c u a t i n g  and  f l u s h i n g  w i t h  
z e r o - g r a d e  n i t r o g e n ,  t h e  r e a c t i o n  s o l u t i o n  was r e f l u x e d  
u n d e r  a  p o s i t i v e  n i t r o g e n  p r e s s u r e  f o r  f i v e  h o u r s .  The 
f o l l o w i n g  p u r i f i c a t i o n  ( e x c e p t  f o r  r o t o - e v a p o r a t i o n )  was 
p e r f o r m e d  u n d e r  a n i t r o g e n  a t m o s p h e r e  a t  4°C.  The r e a c t i o n  
m i x t u r e  was c o o l e d  and  f i l t e r e d  to  remove p r e c i p i t a t e d  
t r i e t h y l a m m o n i u m  c h l o r i d e .  The a c e t o n e  s o l u t i o n  was r o t o -  
e v a p o r a t e d  t o  a  s m a l l  volume and  2 £  was p r e c i p i t a t e d  by 
a d d i t i o n  o f  d e o x y g e n a t e d  w a t e r  (50 m l ) . The s o l i d  was 
c o l l e c t e d  by  g r a v i t y  f i l t r a t i o n  and  w ashed  w i t h  a  s m a l l  
volume o f  a c e t o n e .  The s o l i d  was r e p r e c i p i t a t e d  f rom  
c h l o r o f o r m / p e t r o l e u m  e t h e r  y i e l d i n g  760 mg ( 9 5 %  y i e l d )  o f  
2 0  a s  a  w h i t e  s o l i d ,  
mp = 185°C (d e c )
H1NMR 25 
IR 8
A nal  c a l c d  f o r  C, 5 3 . 4 1 ;  H, 5 . 5 2 ;
N, 1 9 .1 6 .
Found:  C, 5 3 . 2 3 ;  II, 5 . 6 1 ;  N, 1 8 .6 8 .
mass  s p e c :  m/e  ( a b u n d a n c e )  -  147 ( 1 0 0 ) ,  292 (M +,92) ,
218 ( 8 5 ) ,  122 ( 6 6 ) ,  263 ( 2 2 ) .
73
22. S y n t h e s i s  o f  5 - ( 2 - h y d r o x y e t h y l ) - 3 - ( 4 - h y d r o x y - 2 -
m e th y 1 - p y r i m i d y i n - 5 - y l ) m e t h y 1 - 4 - m e t h y l t h i a z o l i u m
c h l o r i d e  h y d r o c h l o r i d e  ( o x y t h i a m i n e )  2 1 .
O x y th i a m in e  was p r e p a r e d  by t h e  p r o c e d u r e  o f  Rydon 
f o r  t h e  s t u d y  o f  t h e  H-D e x c h a n g e  r e a c t i o n  o f  t h i a z o l i u m  
s a l t s .  T h iam in e  c h l o r i d e  h y d r o c h l o r i d e  (25 g ram s)  was 
d i s s o l v e d  i n  w a t e r  (150 ml)  and  c o n c e n t r a t e d  HCl (150 m l ) ,  
and  t h e  s o l u t i o n  was r e f l u x e d  f o r  s i x  h o u r s  u n d e r  a  n i t r o ­
gen  a t m o s p h e r e .  The r e a c t i o n  m i x t u r e  was r o t o - e v a p o r a t e d  
t o  d r y n e s s ,  t h e  s o l i d  was t a k e n  up i n  e t h a n o l  and  t h e  w h i t e  
s o l i d  was c o l l e c t e d  by s u c t i o n  f i l t r a t i o n .  R e p r e c i p i t a t i o n  
f rom  m e t h a n o l / e t h y l  e t h e r  y i e l d e d  23 grams (95% y i e l d )  o f  
o x y t h i a m i n e  2 1  a s  a w h i t e  s o l i d .
mp -  195°C ( d e c )  mp ( l i t 168) = 197°C (d ec )
H1NMR 26.
23. S y n t h e s i s  o f  2 - b e n z o y l - 5 - c a r b e t h o x y - 3 , 4 - d i m e t h y l -
[ 2 - H ] - t h i a z o l i n e  22.
A t h r e e - n e c k ,  r o u n d  b o t t o m  f l a s k  was e q u i p p e d  w i t h  a 
r e f l u x  c o n d e n s e r ,  a  m a g n e t i c  s t i r r i n g  b a r ,  a n i t r o g e n  
i n l e t ,  and a g a s  b u b b l e r ,  and  c o n n e c t e d  t o  a vacuum pump 
v i a  a s t o p c o c k .  The a p p a r a t u s  was f l a m e d  w h i l e  p u r g i n g  
w i t h  n i t r o g e n  and  c h a r g e d  w i t h  f r e s h l y  d i s t i l l e d  t r i -  
e t h y l a m i n e  ( 0 . 6 8  m l ,  9 . 6  mmole) ,  f r e s h l y  p u r i f i e d  b e n z a l -  
deh y d e  ( 1 . 0  m l ,  9 . 6  mmole) ,  and  a n h y d ro u s  m e t h a n o l  (25 m l ) ,  
and  t h e  s o l u t i o n  was d e o x y g e n a t e d  by r e p e a t i n g  c y c l e s  o f
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e v a c u a t i n g  and f l u s h i n g  w i t h  z e r o - g r a d e  n i t r o g e n .  The 
s o l u t i o n  was b r o u g h t  t o  a  g e n t l e  r e f l u x ,  5 - c a r b e t h o x y -  
3 , 4 -d im e  t h y  1 t h i a z o l i u m  i o d i d e  1_ ( 1 . 5  gra ins ,  4 . 8  mmole) was 
ad d e d  o v e r  30 m i n u t e s ,  and  t h e  r e d  s o l u t i o n  was r e f l u x e d  
u n d e r  a  p o s i t i v e  n i t r o g e n  p r e s s u r e  f o r  an  a d d i t i o n a l  t h r e e  
h o u r s .  The p r o d u c t  c r y s t a l l i z e d  on c o o l i n g  t h e  r e a c t i o n  
m i x t u r e  and  was c o l l e c t e d ,  u n d e r  n i t r o g e n ,  by  s u c t i o n  f i l ­
t r a t i o n .  The c r u d e  p r o d u c t  was r e c r y s t a l l i z e d  u n d e r  
n i t r o g e n  i n  e t h y l  e t h e r / p e t r o l e u m  e t h e r  a f f o r d i n g  0 . 9 6  
grams (69% y i e l d )  o f  22 a s  deep  o r a n g e  c r y s t a l s ,  
mp = 152 - 153°C (d e c )
H1NMR 27 
IR 9
A na l  c a l c d  f o r  C1 5 H1 7 N03 S: C, 6 1 .8 4 ;  H, 5 . 8 1 ;  N, 4 . 8 1 .
Found:  C, 6 2 . 1 0 ;  H, 5 . 8 8 ;  N, 4 . 6 7 .
mass  s p e c :  m /e  ( a b u n d a n c e )  -  158 ( 1 0 0 ) ,  186 ( 9 7 ) ,
291 ( 3 ) .
The m o th e r  l i q u o r  f rom  t h i s  r e a c t i o n  was r e d u c e d  by 
r o t o - e v a p o r a t i o n  and  nmr and t i c  a n a l y s i s  ( T a b l e  3) v e r i ­
f i e d  t h e  p r o d u c t i o n  o f  b e n z o i n  i n  t h e  r e a c t i o n  o f  5 -  
c a r b e t h o x y - 3 , 4 - d i m e t h y l t h i a z o l i u m  i o d i d e  w i t h  b e n z a l d e -  
h y d e .
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Table 3: Comparative R£ values of
b e n z o i n  and  t h e  r e a c t i o n  
m i x t u r e  o f  Exp 23.
Rf
S o l v e n t B en zo in Exp 23
c h c i 3 0 . 2 1 0 . 22
0 .5 1B e n z e n e : 0 . 5 1
MeOH ( 1 0 :1 )
E t 2 0 0 .5 8 0 .5 9
24.  S y n t h e s i s  o f  2 - b e n z o y l - 3 - m e t h y l b e n z o t h i a z o l i n e  23.
A t h r e e - n e c k ,  r o u n d - b o t t o m  f l a s k  was e q u i p p e d  w i t h  a 
m a g n e t i c  s t i r r i n g  b a r ,  a r e f l u x  c o n d e n s e r ,  a  n i t r o g e n  
i n l e t ,  and a  g a s  b u b b l e r ,  and  t h e  a p p a r a t u s  was f l a m e d  
w h i l e  p u r g i n g  w i t h  n i t r o g e n .  The f l a s k  was c h a r g e d  w i t h  
f r e s h l y  p u r i f i e d  b e n z a l d e h y d e  ( 3 . 6  ml ,  36 mmole) ,  f r e s h l y  
d i s t i l l e d  t r i e t h y l a m i n e  ( 5 . 0  m l ,  36 mmole) and  a b s o l u t e  
m e th a n o l  (50 m l ) , and  t h e  s o l u t i o n  was d e g a s s e d  by r e p e a t e d  
c y c l e s  o f  e v a c u a t i n g  and  f l u s h i n g  w i t h  z e r o - g r a d e  n i t r o g e n .  
The s o l u t i o n  was b r o u g h t  t o  a  g e n t l e  r e f l u x  and  3 - m e t h y l -  
b e n z o t h i a z o l i u m  i o d i d e  5 ( 5 . 0  g r am s ,  18 mmole) was ad d e d  
i n  one  gram p o r t i o n s  o v e r  30 m i n u t e s .  The s o l u t i o n  was 
r e f l u x e d  f o u r  h o u r s  and  s u b s e q u e n t l y  c o o l e d  t o  4°C. The 
p r e c i p i t a t e  was c o l l e c t e d  by s u c t i o n  f i l t r a t i o n  y i e l d i n g  
2 . 9  grams (63% y i e l d )  o f  23 a s  deep  y e l l o w  c r y s t a l s .
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mp = 139°C mp ( l i t 125) = 140°C 
H1NMR 28 
IR 10
25.  S y n t h e s i s  o f  2 - ( 1 - h y d r o x y b e n z y l ) - 2 - m e t h y l b e n z o t h i a -  
z o l i u m  c h l o r i d e  2 4 .
D im e th y l fo rm a m id e  (2 ml)  was c o o l e d  t o  0°C and  s a t u ­
r a t e d  w i t h  HC1 g a s  u n t i l  t h e  s o l u t i o n  s o l i d i f i e d .  To t h i s  
s o l u t i o n  was added  _23 (540 mg, 2 . 1  mmole) ,  and  t h e  o r a n g e  
s o l u t i o n  was h e a t e d  a t  70°C f o r  one h o u r .  The r e s u l t a n t  
c o l o r l e s s  s o l u t i o n  was r o t o - e v a p o r a t e d  i n  v a c u o , t h e  o i l  
was d i s s o l v e d  i n  w a t e r  and  e x t r a c t e d  w i t h  t h r e e  25 ml 
p o r t i o n s  o f  m e t h y l e n e  c h l o r i d e .  F l a s h  e v a p o r a t i o n  o f  t h e  
aq u eo u s  l a y e r  y i e l d e d  a  l i g h t  y e l l o w  o i l  w h ich  was d i s ­
s o l v e d  i n  e t h a n o l  and  d r o p p e d  i n t o  c o l d  e t h y l  e t h e r  y i e l d ­
i n g  540 mg (90% y i e l d )  o f  24 a s  a w h i t e  s o l i d ,  
mp = 198°C 
HXNMR 29
A na l  c a l c d  f o r  C-j^H-j^NOSCl: C, 6 1 . 7 4 ;  H, 4 . 8 4 ;
N, 4 . 8 0 .
Found:  C, 6 1 .6 1 ;  H, 4 . 8 7 ;  N, 5 . 1 1 .
26. C o n v e r s io n  o f  2 - ( 1 - h y d r o x y b e n z y l ) - 3 - m e t h y l b e n z o t h i a -  
z o l i u m  c h l o r i d e  24 t o  k e t o n e  2 3  i n  s t r o n g  b a s e .
S a l t  24 (500 mg, 1 .7  mmole) was s u s p e n d e d  i n  5 ml
m e t h y l e n e  c h l o r i d e  c o n t a i n i n g  t r i e t h y l a m i n e  ( 0 . 5  m l ,  3 . 4
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mmole) .  The s o l u t i o n  was s t i r r e d  one h o u r  u n d e r  n i t r o g e n ,  
e x t r a c t e d  w i t h  1M HC1 and  t h e  r e s u l t a n t  o r g a n i c  l a y e r  was 
d r i e d  and  r o t o - e v a p o r a t e d  y i e l d i n g  420 mg (87% y i e l d )  o f
23 .  The k e t o n e  was r e c r y s t a l l i z e d  f rom e t h y l  e t h e r /  
p e t r o l e u m  e t h e r ;  t h e  m e l t i n g  p o i n t  and nmr o f  t h i s  s a m p le  
was i d e n t i c a l  t o  a  p u r e  sa m p le  o f  23.
27.  R e l e a s e  o f  b e n z a l d e h y d e  f rom  24 i n  weak b a s e .
B e n z o t h i a z o l i u m  s a l t  24 (500 mg, 1 . 7  mmole) and  
p y r i d i n e  ( 0 . 6  m l ,  6 . 9  mmole) w ere  h e a t e d  u n d e r  n i t r o g e n  i n  
a b s o l u t e  e t h a n o l  (5 ml)  f o r  f i v e  h o u r s .  The r e a c t i o n  m ix ­
t u r e  was r e d u c e d  by  r o t o - e v a p o r a t i o n  and  t h e  r e s i d u e  was 
t a k e n  up i n  w a t e r  and  e x t r a c t e d  w i t h  t h r e e  1 0  ml p o r t i o n s  
o f  m e t h y l e n e  c h l o r i d e .  The nmr s p e c t r u m  o f  t h e  w a t e r  
l a y e r  showed t h e  c o m p l e t e  r e l e a s e  o f  t h e  h y d r o x y b e n z y l  
g ro u p  o f  24 and  t h e  p r e s e n c e  o f  3 - m e t h y l b e n z o t h i a z o l i u m  
c h l o r i d e .
The m e t h y l e n e  c h l o r i d e  e x t r a c t  was r e a c t e d  w i t h  two 
e q u i v a l e n t s  o f  d im edone a t  100°C f o r  f i v e  m i n u t e s . T i c  
a n a l y s i s  ( T a b le  4) d e m o n s t r a t e d  t h e  p r e s e n c e  o f  t h e  b e n z a l ­
deh y d e  -d im ed o n e  a d d u c t  1 , 1 - b i s - ( 5 , 5 - d i m e t h y l - 2 - c y c l o h e x a n -  
1 , 3 - d i o n y l ) - 1 - p h e n y l m e t h a n e , i n d i c a t i n g  t h a t  b e n z a l d e h y d e  
was r e l e a s e d  i n  t h e  d e c o m p o s i t i o n  o f  24 i n  weak b a s e .
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Table 4: Comparative values of a
2 : 1 - d i m e d o n e - b e n z a l d e h y d e  
a d d u c t  s t a n d a r d  and  t h e  
r e a c t i o n  m i x t u r e  o f  e x p e r i ­
m en t  27.
1 6 9S o l v e n t ___________ S t a n d a r d _________ Exp 27
E t 20 0 . 5 0  0 .4 7
B en z en e :  0 . 6 6  0 .6 5
MeOH ( 1 0 : 1 )
28.  S t u d i e s  o n  t h e  s t r u c t u r e  o f  3 - ( 4 - a m in o - 2 - m e th y 1- 
p y r i m i d i n - 5 - y l ) m e t h y l - 2 - ( 1 - h y d r o x y e t h y l ) - 5 - ( 2 -  
h y d r o x y e t h y l ) - 4 - m e t h y l t h i a z o l i u m  c h l o r i d e  h y d r o ­
c h l o r i d e  1  ̂ i n  a q u eo u s  b a s i c  s o l u t i o n .
HET c h l o r i d e  h y d r o c h l o r i d e  (500 mg, 1 .1 3  mmole) was 
d i s s o l v e d  i n  d e o x y g e n a t e d  w a t e r ,  one  e q u i v a l e n t  o f  sod ium  
h y d r o x i d e  ( 0 .0 5 2  g ram s)  was a d d e d ,  and  t h e  r e a c t i o n  s o l u ­
t i o n  was f l u s h e d  w i t h  z e r o - g r a d e  n i t r o g e n  a n d  s t i r r e d  f o r  
f i v e  m i n u t e s  a t  room t e m p e r a t u r e .  The H^NMR s p e c t r u m  30 
and  u v  s p e c t r u m  1 s u g g e s t e d  t h a t  HET h y d r o c h l o r i d e  had  
b e e n  n e u t r a l i z e d  t o  t h e  f r e e  p y r i m i d i n e  b a s e  HET.
A s e c o n d  e q u i v a l e n t  o f  sod ium  h y d r o x i d e  ( 0 .0 5 2  grams)  
was ad d e d  t o  t h e  r e a c t i o n  m i x t u r e  and  s t i r r e d  an  a d d i t i o n a l
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f i v e  m i n u t e s  u n d e r  n i t r o g e n .  A uv  sa m p le  was p r e p a r e d  by 
d i l u t i n g  5 y l  o f  t h e  r e a c t i o n  m i x t u r e  t o  50 ml w i t h  d i s ­
t i l l e d  w a t e r  i n  a  50 ml v o l u m e t r i c  f l a s k  ( [HET] =
0 . 0 1  g / m l ) . T h i s  u v  s p e c t r u m  (2)  showed a  d e c r e a s e d  
a b s o r b a n c e  a t  270 nm (e = 12500,  Ae = 1 5 0 0 ) ,  w h i l e  t h e  
a b s o r b a n c e  p e a k  a t  230 nm was u n c h an g ed  (e = 1 4 5 0 0 ) .
S t u d i e s  on t h e  u v  s p e c t r u m  o f  t h i a m i n e  i n d i c a t e  t h a t  t h e
p y r i m i d i n e  a b s o r b s  a t  270 nm and  230 nm, w h e r e a s  t h e
222t h i a z o l i u m  r i n g  a b s o r b s  a t  270 nm. C o n s e q u e n t l y ,  t h e
d e c r e a s e  i n  t h e  a b s o r b a n c e  a t  270 nm i n d i c a t e s  t h e  h y d r o l y ­
s i s  o f  a p p r o x i m a t e l y  50% o f  t h e  t h i a z o l i u m  r i n g .  T h i s  
a n a l y s i s  i s  a l s o  c o n s i s t e n t  w i t h  H^NMR s p e c t r u m  31.  Two 
d o u b l e t s  a p p e a r e d  c e n t e r e d  a t  6 1 .2 6  and  <51.41, and  two 
s i n g l e t s  a p p e a r e d  a t  6 1 .5 2  and  6 1 . 5 7 .  T h e se  d o u b l e t s  c o r ­
r e l a t e  w i t h  t h e  c i s  and  t r a n s  h y d ro x y m e th y l  g ro u p  o f  t h e  
f r e e - t h i o l  fo rm  25 and  t h e  two s i n g l e t s  c o r r e l a t e  w i t h  t h e  
c i s  and  t r a n s  m e t h y l s  o f  t h e  amide a l k y l  g ro u p  ( t h e  amide 
bond  shows l i m i t e d  r o t a t i o n  and  th u s  t h e  two c i s  a n d  t r a n s  
i s o m e r s  a r e  d i s t i n c t ' * ' ^ )  . A l s o ,  t h e  d o u b l e t  c e n t e r e d  a t  
6 1 .6 8  c o r r e l a t e s  w i t h  t h e  p r e s e n c e  o f  HET, w h ic h  by  i n t e ­
g r a t i o n  r e p r e s e n t s  a p p r o x i m a t e l y  50% o f  t h e  r e a c t i o n  m ix ­
t u r e  .
A t h i r d  e q u i v a l e n t  o f  sod ium  h y d r o x i d e  ( 0 .0 5 2  gram s)  
was added  t o  t h e  r e a c t i o n  m i x t u r e ,  t h e  m i x t u r e  was f l u s h e d  
w i t h  n i t r o g e n ,  and  s t i r r e d  an  a d d i t i o n a l  f i v e  m i n u t e s .  A 
sam p le  f o r  uv  a n a l y s i s  was p r e p a r e d  by d i l u t i n g  5 u l  o f  t h e
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r e a c t i o n  m i x t u r e  t o  50 ml w i t h  d i s t i l l e d  w a t e r  i n  a 50 ml 
v o l u m e t r i c  f l a s k  ([HET] = 0 .0 1  g / 1 ) .  The uv s p e c t r u m  (3)  
showed a d e c r e a s e d  a b s o r b a n c e  a t  270 nm (e = 11300,  Ae = 
3400,  r e l a t i v e  t o  uv s p e c t r u m  1) s u g g e s t i n g  c o m p l e t e  l o s s  
o f  t h e  a r o m a t i c  t h i a z o l i u m  r i n g .  I n  c o n f i r m a t i o n  o f  t h i s  
c o n c l u s i o n ,  t h e  H^NMR s p e c t r a  32 shows p e a k s  c o r r e l a t i n g  
w i t h  o n l y  t h e  c i s  and  t r a n s  i s o m e r s  o f  t h e  f r e e - t h i o l  fo rm  
25 o f  HET.
29. S t u d i e s  on t h e  s t r u c t u r e  o f  3 - ( 4 - a m i n o - 2 - m e t h y l -  
p y r i m i d i n - 5 - y l ) - m e t h y l - 2 - ( 1 - h y d r o x y e t h y l ) — 5 —( 2 — 
h y d r o x y e t h y l ) - 4 - m e t h y l t h i a z o l i u m  c h l o r i d e  h y d r o ­
c h l o r i d e  1 i n  b a s i c  e t h a n o l  s o l u t i o n .
HET 1̂ ( 1 . 0  mg, 2 . 2 6  mmole) was s u s p e n d e d  i n  a b s o l u t e  
e t h a n o l  ( 5 .0 0  ml)  i n  a r o u n d  b o t t o m  f l a s k  e q u i p p e d  w i t h  a 
d r o p p i n g  f u n n e l ,  and t h e  r e a c t i o n  m i x t u r e  was f l u s h e d  w i t h  
z e r o - g r a d e  n i t r o g e n .  A sod ium  e t h o x i d e  s o l u t i o n  was p r e ­
p a r e d  i n  t h e  d r o p p i n g  f u n n e l  by t h e  a d d i t i o n  o f  sod ium  
( 0 . 0 6  g r am s ,  2 . 2 6  mmole) t o  a b s o l u t e  e t h a n o l  ( 5 . 0  m l ) ;  t h e  
b a s e  s o l u t i o n  was ad d e d  d r o p w i s e ,  w i t h  s t i r r i n g ,  t o  t h e  
r e a c t i o n  m i x t u r e .  A sam p le  f o r  uv a n a l y s i s  was p r e p a r e d  
by d i l u t i n g  1 0  p i  o f  t h i s  s o l u t i o n  i n  1 0 0  ml o f  a b s o l u t e  
e t h a n o l  i n  a  v o l u m e t r i c  f l a s k  ([HET] = 0 . 0 1  g / m l ) . The uv 
s p e c t r u m  (4)  showed c h a r a c t e r i s t i c  p e a k s  a t  234 nm (e = 
23400) and  270 nm (e = 1 6 7 0 0 ) ,  s u g g e s t i n g  t h a t  t h e  HC1 s a l t  
h ad  b e e n  n e u t r a l i z e d - - t h e  t h i a z o l i u m  r i n g  was i n t a c t .
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A se c o n d  e q u i v a l e n t  o f  sod ium  e t h o x i d e  was p r e p a r e d  i n  
t h e  d r o p p i n g  f u n n e l  by d i s s o l v i n g  sod ium  ( 0 .0 6 9  g ra m s ,
2 . 2 6  mmole) i n  a b s o l u t e  e t h a n o l  ( 5 . 0 0  m l ) ;  t h i s  b a s e  s o l u ­
t i o n  was ad d e d  q u i c k l y  and  t h e  r e a c t i o n  m i x t u r e  was 
s t i r r e d  f o r  f i v e  m i n u t e s  a t  room t e m p e r a t u r e .  A sam p le  f o r  
u v  a n a l y s i s  was p r e p a r e d  by d i l u t i n g  15 u l  o f  t h e  r e a c t i o n  
m i x t u r e  i n  1 0 0  ml a b s o l u t e  e t h a n o l  i n  a  v o l u m e t r i c  f l a s k  
([HET] = 0 .0 1  g / 1 ) . The uv s p e c t r u m  #5 showed a d e c r e a s e d  
a b s o r b a n c e  a t  270 nm ( e  = 13700,  Ae = 3 0 0 0 ) ,  w h e r e a s  t h e  
a b s o r b a n c e  p e a k  a t  334 nm (e = 23400)  r e m a i n e d  u n c h an g e d .  
T h i s  uv  s p e c t r u m  c o r r e l a t e s  w i t h  t h e  uv  s p e c t r u m  o f  d i h y ­
d r o t h i a m i n e  i n  w h ich  t h e  t h i a z o l i u m  r i n g  h a s  b e e n  r e d u c e d
1 2 1t o  t h e  t h i a z o l i n e  r i n g ,  and  t h e  u v  a b s o r b a n c e  s p e c t r u m  
# 6  o f  4 - a m i n o - 5 - c h l o r o m e t h y l - 5 - p y r i m i d i n e  i n  e t h a n o l  
(Amax: 232 nm, e = 23600;  270 nm, e = 1 3 600) .
Ten m i n u t e s  a f t e r  t h e  a d d i t i o n  o f  t h e  s e c o n d  e q u i v a ­
l e n t  o f  sod ium  e t h o x i d e ,  t h e  r e a c t i o n  m i x t u r e  was a c i d i ­
f i e d  t o  pH = 3 w i t h  d r y  h y d r o g e n  c h l o r i d e ,  and  t h e  s o l u t i o n  
was r o t o - e v a p o r a t e d  t o  d r y n e s s .  The H^NMR s p e c t r u m  o f  t h e  
r e s u l t a n t  w h i t e  s o l i d  i n d i c a t e d  t h a t  a p p r o x i m a t e l y  5% o f  
HET h ad  r e l e a s e d  a c e t a l d e h y d e  u n d e r  t h e s e  c o n d i t i o n s .  
A d d i t i o n a l l y ,  t h e  r e a c t i o n  m i x t u r e  i n  t h e  p r e p a r a t i o n  o f  
HET f rom  t h i a m i n e  h y d r o c h l o r i d e ,  a c e t a l d e h y d e  and  two 
e q u i v a l e n t s  o f  sod ium  e t h o x i d e  p r i o r  t o  a c i d i f i c a t i o n  
e x h i b i t e d  a  uv  s p e c t r u m  #7 (Amax: 234 nm, e = 22100;
270 nm, e = 13100)  i d e n t i c a l  w i t h  uv s p e c t r u m  5. Thus
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t h e  d e c r e a s e d  a b s o r b a n c e  a t  270 nm i n  uv s p e c t r u m  #5 i s  
i n t e r p r e t e d  a s  c o m p le t e  l o s s  o f  t h e  a r o m a t i c  t h i a z o l i u m  
r i n g  o f  1 ( F i g u r e  6 4 ) .
30 .  S t u d i e s  on t h e  r a t e  o f  C-2 H-D e x c h a n g e  o f  t h i a z o l i u m
s a l t s  .5, 7,  10,  15, and  18.
We h a v e  s t u d i e d  t h e  H-D e x c h a n g e  r e a c t i o n  o f  t h i a ­
z o l i u m  s a l t s  by a  m o d i f i e d  p r o c e d u r e  o f  a  p r e v i o u s l y
131em ployed  nmr t e c h n i q u e .  A c e t a t e  b u f f e r s  w ere  p r e p a r e d
by d i s s o l v i n g  a p p r o p r i a t e  amounts  o f  sod ium  a c e t a t e  and  
g l a c i a l  a c e t i c  a c i d  i n  25 ml o f  99.8% D2 O i n  a  v o l u m e t r i c  
f l a s k .  P o t a s s i u m  c h l o r i d e  was ad d ed  t o  b r i n g  t h e  i o n i c  
s t r e n g t h  o f  t h e s e  b u f f e r s  t o  0.3M. A s a l t  s o l u t i o n  w i t h  
i o n i c  s t r e n g t h  0.3M was p r e p a r e d  by  d i s s o l v i n g  p o t a s s i u m  
c h l o r i d e  ( 0 .1 1 2 0  g ram s)  i n  5 . 0 0  ml o f  D2 O. The t h i a z o l i u m  
s a l t s  w e re  p u r i f i e d  by r e c r y s t a l l i z a t i o n  a c c o r d i n g  t o  t h e  
p u r i f i c a t i o n  t e c h n i q u e s  i n  t h e  a p p r o p r i a t e  e x p e r i m e n t a l  
s e c t i o n s .  T h i a z o l i u m  s a l t  t o  p r o v i d e  a  c o n c e n t r a t i o n  o f  
0.7M i n  0 . 5  ml D2 O was w e ig h e d .  F o r  k i n e t i c  r u n s ,  t h e  
t h i a z o l i u m  s a l t ,  b u f f e r ,  and  s a l t  s o l u t i o n  w e re  p r e i n c u ­
b a t e d  a t  42°C f o r  15 m i n u t e s .  The pH m e t e r  e l e c t r o d e  was 
a l s o  i n c u b a t e d  a t  42°C, and  t h e  p r o b e  t e m p e r a t u r e  (42°C) 
o f  t h e  V a r i a n  A60 was m ea s u re d  b e f o r e  and a f t e r  e a c h  r u n  
by means o f  a  t h e r m o m e t e r .  A f t e r  t e m p e r a t u r e  e q u i l i b r a ­
t i o n ,  500 p i  o f  t h e  b u f f e r  s o l u t i o n  was a d d e d  t o  t h e  t h i a ­
z o l i u m  s a l t ,  t h e  pH o f  t h e  s o l u t i o n  was m e a s u r e d ,  and t h e
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s o l u t i o n  was t r a n s f e r r e d  t o  t h e  nmr t u b e  w h ic h  was q u i c k l y  
i n s e r t e d  i n t o  t h e  nmr p r o b e .  The e x c h a n g e  was f o l l o w e d  by 
i n t e g r a t i n g  t h e  C-2 h y d r o g e n  p e a k  r e l a t i v e  t o  t h e  n o n ­
e x c h a n g e a b l e  r e f e r e n c e  v e r s u s  t im e ;  t h e  e x c h a n g e  was 
m e a s u re d  t h r o u g h  a t  l e a s t  t h r e e  h a l f - l i v e s .  The pH o f  t h e  
e x c h a n g e  s o l u t i o n  was m e a s u re d  a f t e r  t h e  e x c h a n g e  was com­
p l e t e ,  and  i f  t h e  pH b e f o r e  and  a f t e r  e x c h a n g e  d i d  n o t  
a g r e e  w i t h i n  ± 0 .0 5  pH u n i t s  t h e  r u n  was d i s c a r d e d .  For  
k i n e t i c  r u n s  a t  low b u f f e r  c o n c e n t r a t i o n ,  t h e  e x c h a n g e  
s o l u t i o n  was p r e p a r e d  by a d d i n g  b u f f e r  and  p o t a s s i u m  
c h l o r i d e  s o l u t i o n  t o  t h e  t h i a z o l i u m  s a l t  t o  a  f i n a l  volume 
o f  500 u l .
K i n e t i c  r e s u l t s  w ere  a n a l y z e d  by  m e a s u r i n g  t h e  i n t e ­
g r a t i o n  h e i g h t  o f  t h e  n o n - e x c h a n g e a b l e  i n t e r n a l  s t a n d a r d  
( i n t - s t )  v e r s u s  t h e  i n t e g r a t i o n  h e i g h t  o f  t h e  C-2 p r o t o n  
( i n t - C H ) .  The p o s i t i o n s  o f  t h e  e x c h a n g e a b l e  C-2 p r o t o n  
and  t h e  i n t e r n a l  s t a n d a r d  i n  6  u n i t s  a r e  g i v e n  i n  T a b le  5. 
S e m i - l o g r i t h m i c  p l o t s  o f  ( i n t - s t ) / N x ( i n t - C H )  w h e re  N i s  
t h e  number  o f  n o n - e x c h a n g e a b l e  h y d r o g e n s  v e r s u s  t im e  w ere  
n i c e l y  l i n e a r .  The p s e u d o - f i r s t  o r d e r  r a t e  c o n s t a n t  f o r  
e x c h a n g e  was g i v e n  as  t h e  s l o p e  o f  I n  [ ( i n t - s t ) / N x ( i n t - C H ) ]  
v e r s u s  t i m e  a s  a n a l y z e d  by l i n e a r  r e g r e s s i o n .  T h e o r e t i ­
c a l l y ,  t h e  p s e u d o - f i r s t  o r d e r  r a t e  c o n s t a n t  i s  d e f i n e d  by 
t h e  e q u a t i o n :
k „  = k QD.  [ 0 D - ]  +  k Q A c_ [O A C - ] ,
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w here  k ^ -  and  k . a r e  t h e  s e c o n d  o r d e r  r a t e  c o n s t a n t s  OD OAc"
f o r  c a t a l y s i s  by d e u t e r o x i d e  an d  a c e t a t e  i o n s ,  r e s p e c ­
t i v e l y ,  an d  [0D“] and  [OAc“] a r e  t h e  c o n c e n t r a t i o n s  o f  
d e u t e r o x i d e  and  a c e t a t e  i o n s ,  r e s p e c t i v e l y .  The c o n c e n ­
t r a t i o n  o f  d e u t e r o x i d e  i o n  was c a l c u l a t e d  by  t h e  e q u a t i o n s :  
pD = p H ( o b s e r v e d )  + 0.40^-*-  
pOD = 1 4 .5 4  -  pD 
[ 0 D“] = 1 0 " P ° D.
The c o n c e n t r a t i o n  o f  a c e t a t e  i o n  was c a l c u l a t e d  f ro m  t h e  
t o t a l  b u f f e r  c o n c e n t r a t i o n  v i a  t h e  H e n d e r s o n - H a s s e l b a c h  
e q u a t i o n  u s i n g  pD o f  t h e  s o l u t i o n  and  t h e  d i s s o c i a t i o n
172c o n s t a n t  o f  a c e t i c  a c i d  c o r r e c t e d  f o r  d e u t e r i u m  i s o t o p e
173and  s a l t  e f f e c t s :
KHOAc = 4 ‘74 +  °'52 " loS (1-7) = 5 -0 3 '
I n i t i a l  a n a l y s i s  o f  t h e  k i n e t i c  d a t a  f o r  e x c h a n g e  o f  s a l t s
5 and  1_ a t  h i g h  a n d  low a c e t a t e  c o n c e n t r a t i o n s  i n d i c a t e  
t h a t  w i t h i n  t h e  l i m i t s  o f  t h i s  nmr t e c h n i q u e ,  OAc" c a t a l y ­
s i s  i s  i n s i g n i f i c a n t .  T h i s  c o n c l u s i o n  h a s  a l s o  b e e n
131r e a c h e d  by Haake ,  e t  a l .  Thus t h e  s e c o n d  o r d e r  r a t e
c o n s t a n t  kQp- was c a l c u l a t e d  by t h e  e q u a t i o n :
k 0D- “  k o b s / [ ° D' l -
The r e s u l t s  f o r  e x c h a n g e  o f  s a l t s  5,  ]_, 10 ,  L5, a n d  18
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5 .9 7
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5.48
Table 6 K i n e t i c  d a t a  f o r  t h e  r a t e  o f  H-D e x c h a n g e  o f  
t h i a z o l i u m  s a l t s  I), 1_, 10, 1J5, and l j i ,  a t  42 
and 1M i o n i c  s t r e n g t h .
F o o t n o t e s :  a )  pD = pH + 0 . 4 0 ,  b)  c a l c u l a t e d  by t h e
e q u a t i o n  k QD-  = k0 ^ s /  OD" , c)  e r r o r  i n





7 4 .0 3 3 .0 9 0 .1 5 0
4 .0 5 3 .2 4 0 .0 3 0
3 .9 8 2 .7 2 0 .1 4 0
1 0 4 .0 6 3 .3 1 0 .1 5 0
3 .9 8 2 .7 2 0 .0 3 5
5 3 .7 5 1 .65 0 .0 8 1
3 .8 4 1 .7 7 0 .0 6 5
4 .1 8 4 .3 7 0 .1 5 0
4 .1 8 4 .3 7 0 .0 7 0
4 .1 7 4 .3 8 0 .0 3 5
15 4 .0 5 3 .2 4 0 .1 5 7
4 .0 8 3 .4 7 0 .0 4 0
18 5 .1 1 3 7 .2 0 .2 7 8
5 .1 1 3 7 .2 0 .0 5 6
k obs
( s e c - ^)
2 . 7 x l 0 " 3
2 , 6 x l 0 ~ 3
2 . 3 x l 0 - 3
8 . 2 x l 0 - 3
7 . 5 x l 0 - 3
8 . 6 x l 0 ~ 4
l .O x l O - 3
2 . I x l O - 3
2 . 0 x l 0 ' 3
1 . 9x lO - 3
4 . 8 x l 0 - 3
4 . 4 x l 0 “ 3
5 . 1 x l 0 - 4
4 . I x l O - 4
(M'^-sec"1) 
8 . 7 x l 0 7  
8 . I x lO 7  
8 . 5 x l 0 7  
2 . 5 x l 0 8  
2 . 8 x l 0 8  
5 . 2 x l 0 8  
5 . 7 x l 0 8  
4 . 9 x l 0 8  
4 . 6 x l 0 8  
4 . 3 x l 0 8  
1 . 5 x l 0 8  
1 . 3 x l 0 8  
1 . 3 x l 0 6  
l . l x l O 6
8 . 4 x l 0 7  
2 . 7 x l 0 8
4 . 9 x l 0 7
1 . 4 x l 0 8  
1 . 2 x l 0 6
0 0
8 8
31.  S t u d i e s  on t h e  r a t e  o f  e x c h a n g e  o f  t h i a m i n e  h y d r o ­
c h l o r i d e ,  t h i a m i n e  and o x y t h i a m i n e  2 1 .
T a b le  7 g i v e s  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  t h e  t h i a -  
z o l i u m  s a l t ,  t h e  i n i t i a l  b u f f e r  c o n c e n t r a t i o n ,  and  t h e  
amount o f  so d iu m  c h l o r i d e  n e e d e d  t o  b r i n g  t h e  i o n i c  
s t r e n g t h  o f  t h e  r e a c t i o n  m i x t u r e  t o  1.5M, f o r  e a c h  o f  t h e  
e i g h t  a s s a y s .  The t h i a z o l i u m  s a l t  and  sod ium  c h l o r i d e  w ere  
w e ig h e d ,  an d  t h e  s a l t  m i x t u r e  and  t h e  b u f f e r  w e re  i n c u b a t e d  
a t  42°C f o r  15 m i n u t e s .  A f t e r  t e m p e r a t u r e  e q u i l i b r a t i o n ,  
500 y 1  o f  t h e  b u f f e r  was added  t o  t h e  s a l t  t o  i n i t i a t e  t h e  
e x c h a n g e ,  t h e  pH o f  t h e  r e s u l t a n t  s o l u t i o n  was m e a s u re d ,  
and  t h e  s o l u t i o n  was t r a n s f e r r e d  t o  a  nmr t u b e  w h ich  was 
q u i c k l y  p l a c e d  i n  t h e  nmr p r o b e .  The e x ch a n g e  was f o l l o w e d  
by i n t e g r a t i o n  o f  t h e  C-2 p r o t o n  v e r s u s  t h e  i n t e g r a t i o n  o f  
t h e  n o n - e x c h a n g e a b l e  h y d r o g e n s  o f  t h e  m e t h y l e n e  b r i d g e  ( t h e  
p o s i t i o n  o f  t h e s e  p e a k s  a r e  g i v e n  i n  T a b le  5 ) .  The 
e x c h a n g e  was f o l l o w e d  f o r  t h r e e  h a l f - l i v e s ,  and  t h e  pH o f  
t h e  s o l u t i o n  was d e t e r m i n e d  a f t e r  t h e  e x c h a n g e  was com­
p l e t e .  I f  t h e  i n i t i a l  and f i n a l  pH d i d  n o t  a g r e e  w i t h i n  
±0 .05  pH u n i t  t h e  r u n  was d i s c a r d e d .  The c o n c e n t r a t i o n  o f  
d e u t e r o x i d e  i o n  was c a l c u l a t e d  as  i n  e x p e r i m e n t  30 ,  and  
a c e t a t e  i o n  c o n c e n t r a t i o n  was c a l c u l a t e d  u s i n g  t h e  pKa o f  
a c e t i c  a c i d  c o r r e c t e d  f o r  d e u t e r i u m  i s o t o p e  and  s a l t  
e f f e c t s :
pKa( a c e t i c  a c i d )  = 4 ‘ 7 4  + ° - 5 2  " l n  ( 1 2 >
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C om par ison  o f  a s s a y s  3 and  4 ( T a b le  8 , p ag e  91)  show t h a t  
c a t a l y s i s  by a c e t a t e  i o n  was i n s i g n i f i c a n t  w i t h i n  t h e  e r r o r  
o f  t h i s  t e c h n i q u e .  Thus, k g p -  was c a l c u l a t e d  by t h e  e q u a ­
t i o n  :
k0D~ = k o b s ^ 0D 1 ‘
Our r e s u l t s  a r e  shown i n  T a b l e  8 .
S i n c e  t h e  e f f e c t  o f  i o n i c  s t r e n g t h  on t h e  pKa o f  t h e  
p y r i m i d i n y l  g r o u p s  o f  t h i a m i n e  an d  o x y t h i a m i n e  h a s  a p p a r ­
e n t l y  n o t  b e e n  s t u d i e d ,  we o b t a i n e d  a  r o u g h  e s t i m a t e  by 
t i t r a t i o n  o f  t h e  h y d r o c h l o r i d e  s a l t  w i t h  a  s t a n d a r d i z e d  
sod ium  h y d r o x i d e  s o l u t i o n  a t  i o n i c  s t r e n g t h  1.5M. Our 
r e s u l t s  a r e :
pKa ( o x y t h i a m i n e  HC1) = 2 .8  
pKa ( t h i a m i n e  HC1) = 4 . 8 .
The c o n c e n t r a t i o n s  o f  t h e  p r o t o n a t e d  and  f r e e  b a s e  fo rm s  
o f  t h i a m i n e  and  o x y t h i a m i n e  w ere  c a l c u l a t e d  u s i n g  t h e s e  
pKa v a l u e s .  S i n c e  e x c h an g e  o f  t h i a m i n e  ab o v e  pH = 5 was 
t o o  r a p i d  t o  d e t e r m i n e  by t h i s  nmr t e c h n i q u e ,  a  minimum 
e s t i m a t e  o f  k QD- ( t h i a m i n e )  was o b t a i n e d  by a s s u m in g  t h a t  
t h e  o b s e r v e d  r a t e  i n  t h i s  pH r a n g e  i s  e q u a l  t o  t h e  sum o f  
t h e  r a t e  o f  ex ch an g e  due t o  t h i a m i n e  h y d r o c h l o r i d e  p l u s  
e x c h a n g e  due t o  t h i a m i n e .  U s in g  t h e  d a t a  i n  a s s a y s  3
t h r o u g h  8  a s  a  s e r i e s  o f  o v e r d e t e r m i n e d  s i m u l t a n e o u s
6 - 1  - 1e q u a t i o n s ,  kQD- ( t h i a m i n e )  e q u a l s  4 x  10 M s e c  .
T a b le  7: Assay  c o n d i t i o n s  f o r  t h e  k i n e t i c  d a t a  o f  T a b le  8 .
I n i t i a l  t h i a z o l i u m  s a l t  (g)
Assay
1  (oxy B-l)





7 (B , )
8  (Bx)
HC1 S a l t  




0 .0 8 0 4
F r e e  b a s e
0 .0919
0 .0 5 7 8
0 .0 4 2 1
0 .0316
0 .1 0 4 0
0 .1 0 4 0
0.0211
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0 .0 0 7 1
T a b le  8 : K i n e t i c  d a t a  f o r  t h e  r a t e  o f  C-2 H-D ex ch an g e  o f  t h i a m i n e ,  t h i a m i n e  h y d r o ­
c h l o r i d e  and o x y t h i a m i n e  a t  42°C and 1.5M i o n i c  s t r e n g t h .
Assay pDa [OD“] bF r e e  b a s e [OAc"] k k Cobs k - d OD
(MxlO10) (M) (M) (x lO 3 )
1  (oxy B^) 5 .3 8 6 .9 2 0 .5 0 0 .6 9 1 2 . 0 2 2 . 9 2 x l 0 6
2  (oxy B p 5 .3 8 6 .9 2 0 .5 0 0 .6 9 1 2 .13 3 . 0 7 x l 0 6
3 (B1) 5 .4 3 7 .7 6 0 .3 8 - - 7 .81 1 . 0 1 x 1 0
4 (Bx) 5 . 2 4 5 .0 1 0 .3 0 5 .5 2 1 .14x10
5 ( B p 5 . 0 4 3 .1 6 0 . 2 2 3 .9 5 1 .25x10
6  ( B p 4 .9 8 2 .7 5 0 . 2 1 0. 780 3 .5 8 1 .30x10
7 (Bx) 4 .8 8 2 .1 9 0 .1 8 0 .6 2 5 3 .0 7 1 .40x10
8  ( B ^ 4 .8 1 1 . 8 6 0 .15 - - 2 .7 2 1 .46x10
a)  pD = pH + 0 . 4 0 .  b)  C a l c u l a t e d  f rom t h e  pKa o f  t h e  p y r i m i d i n e  g i v e n  on page  89 c o r ­
r e c t e d  f o r  d e u t e r i u m  i s o t o p e  e f f e c t .  c) E r r o r  i n  k Qb s i s  10-20%; f o r  a s s a y s  t h r e e  
t h r o u g h  f i v e  t h e  exchange  i s  f a s t  and k 0 b s i s  m e a su re d  d u r i n g  t h e  f i n a l  t h r e e  h a l f -  
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UV 1: HET HCI + X (nm)
1eq NaOH
UV 3 :  HETHCI+ 
3 eq NaOH
200 240









UV 5:  HETHCI + 
2 eq NaOEt X(nm)
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UV 7:Exp 1 prior to 
acidification





IUV6 - 4-amino-5 'Chloro- 
methyl- 2 -methyl- 
pyrimidine Mnm}
3. Discussion
The p r e s e n t  c o n t r o v e r s y  s u r r o u n d i n g  t h e  y l i d e  v e r s u s  
c a r b e n e  n a t u r e  o f  t h e  d e p r o t o n a t e d  i n t e r m e d i a t e  i n  t h ia m in e  
c a t a l y s i s  i s  a  r e s u l t  o f  t h e  a p p a r e n t  d e f i c i e n c i e s  o f  t h e  
y l i d e  m echan ism . F i r s t ,  t h e  y l i d e  m echanism  e m p h a s iz e s  
t h e  s t a b i l i t y  o f  t h e  a r o m a t i c  t h i a z o l i u m  r i n g - - i t  d o e s  n o t  
i n c o r p o r a t e  t h e  f a c i l e  r i n g  o p e n in g  r e a c t i o n s  o f  t h i a z o l i u m  
s a l t s .  A l l  t h i a z o l i u m  s a l t s  u n d e rg o  a d d i t i o n  o f  h y d r o x id e
t o  C -2 , a  r e a c t i o n  w h ic h  b r e a k s  t h e  a r o m a t i c i t y  o f  t h e
9 5  gn
r i n g .  M i t z u h a r a ,  an d  Kormes and  V i s c o n t i n  w e re  t h e
f i r s t  i n v e s t i g a t o r s  t o  s u g g e s t  t h a t  t h i s  l o s s  o f  a r o m a t i ­
c i t y  was an  i m p o r t a n t  p a r t  o f  t h i a m in e  c h e m i s t r y .  Even 
B r e s l o w 's  i n i t i a l  m echan ism  i n  w h ic h  t h e  m e th y le n e  b r i d g e
was t h e  a c t i v e  c e n t e r  i n v o l v e d  p s e u d o - b a s e  f o r m a t i o n  by
99a d d i t i o n  o f  h y d r o x id e  t o  t h e  C-2 o f  t h i a m i n e .  A d d i­
t i o n a l l y ,  t h e  pH f o r  t h e  maximum r a t e  o f  t h e  t h i a z o l i u m  
s a l t  c a t a l y z e d  a c y l o i n  c o n d e n s a t i o n  i s  t h e  pKa f o r  t h i s
118l o s s  o f  t h e  c o r r e s p o n d i n g  t h i a z o l i u m  r i n g ' s  a r o m a t i c i t y .  
H o s t  i m p o r t a n t l y ,  t h e  y l i d e  m echan ism  d o es  n o t  a l l o w  a 
r a t i o n a l  e x p l a n a t i o n  f o r  t h e  f u n c t i o n  o f  t h e  p y r i m i d i n e -  
am ino g ro u p .  M e t z l e r  h a s  p r o v e n  t h a t  t h e  4 -am in o  g ro u p  
a d d s  t o  t h e  e l e c t r o p o s i t i v e  C-2 p o s i t i o n  o f  t h e  t h i a z o l i u m  
r i n g ; * * ^ ' ^ ^  t h i s  i n t r a m o l e c u l a r  a d d i t i o n  b r e a k s  t h e  
a r o m a t i c i t y  o f  t h e  t h i a z o l i u m  r i n g  an d  i s  i n  c o m p e t i t i o n
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w i t h  C -2 -h y d ro g e n  d e p r o t o n a t i o n .  H ow ever, b e c a u s e  t h e  
y l i d e  e m p h a s iz e s  t h e  t h i a z o l i u m  r i n g ' s  a r o m a t i c i t y ,  
M e t z l e r ' s  t r i c y c l i c  fo rm  o f  t h i a m i n e  h a s  b e e n  r e g a r d e d  a s  
a s i d e  r e a c t i o n  i r r e l e v a n t  t o  t h e  m echan ism  o f  t h i a m in e  
c a t a l y s i s .
A d d i t i o n a l l y ,  t h e  y l i d e  m echan ism  d o es  n o t  r e a d i l y  
e x p l a i n  t h e  s e l e c t i v e  r e a c t i v i t y  o f  t h i a m in e  w i t h  e l e c t r o -  
p h i l e s .  The o n ly  p u b l i c i z e d  r e a c t i o n  o f  t h i a m i n e  i s  i t s  
a d d i t i o n  t o  a l d e h y d e s .1 7 5 -1 7 8  F o r  e x a m p le ,  i n  t h e  p r e s e n c e  
o f  two e q u i v a l e n t s  o f  sod ium  e t h o x i d e ,  t h i a m i n e  h y d r o ­
c h l o r i d e  r e a c t s  w i t h  a c e t a l d e h y d e  t o  y i e l d ,  a f t e r  a c i d i f i ­
c a t i o n  t o  pH = 3 w i t h  HC1, 2 - ( 1 - h y d r o x y e t h y l ) - t h i a m i n e  
h y d r o c h l o r i d e  (HET) i n  75% y i e l d  ( F i g u r e  3 2 ) .  U nder s i m i ­
l a r  r e a c t i o n  c o n d i t i o n s ,  t h i a m i n e  r e a c t s  w i t h  b e n z a ld e h y d e
F ig u re  3 2
OH




I-2CI 1- 2C I" ;  R = C H 3
2 - 2 C I " ;  R = P h e n y l
139
t o  y i e l d  2 - ( 1 - h y d r o x y b e n z y l ) - t h i a m i n e  h y d r o c h l o r i d e  (HBT)
2 i n  63% y i e l d .  T h ia m in e  h a s  a l s o  b e e n  shown t o  r e a c t
w i t h  f u r f u r a l d e h y d e , ^  i s o b u t y r a l d e h y d e , a n d c i t r o n e l -  
179l a l .  S t r i k i n g  e x c e p t i o n s  t o  t h i s  n u c l e o p h i l i c  r e a c ­
t i v i t y  i s  t h e  i n a b i l i t y  o f  t h i a m i n e  (an d  t h i a z o l i u m  s a l t s  
i n  g e n e r a l )  t o  r e a c t  n o r m a l l y  w i t h  a , p - u n s a t u r a t e d  a l d e ­
h y d es  su c h  a s  c i t r a l  an d  c i n n a m a l d e h y d e ^ ^ 1 an d  a l k y -
180l a t i n g  r e a g e n t s  s u c h  a s  m e th y l  i o d i d e  and a l l y l  b ro m id e .
I n  c o n t r a s t ,  t h e  a b i l i t y  t o  r e a c t  w i t h  a l d e h y d e s ,  a , 0 -
u n s a t u r a t e d  a ld e h y d e s  an d  a l k y l a t i n g  r e a g e n t s  i s  t y p i c a l
o f  c l a s s i c a l  c a r b a n i o n s - - e x a m p l e s  i n c l u d e  p h o s p h o ru s
y l id e s ^ ® ^  and  G r ig n a r d  r e a g e n t s . A c c o r d i n g  t o  t h e
y l i d e  r e p r e s e n t a t i o n  o f  t h e  d e p r o t o n a t e d  i n t e r m e d i a t e ,
t h e  C-2 p o s i t i o n  h a s  a  h i g h  e l e c t r o n  d e n s i t y ,  b u t  i t s
s e l e c t i v e  r e a c t i v i t y  w i t h  o n ly  r e a c t i v e  e l e c t r o p h i l e s
s u g g e s t s  a  low  e l e c t r o n  d e n s i t y  a t  t h e  C-2 c a r b o n .  T h is
s e l e c t i v e  r e a c t i v i t y  i s  m ore  c o n s i s t e n t  w i t h  t h e  c a r b e n e
r e p r e s e n t a t i o n  i n  w h ic h  t h e  e l e c t r o n  d e n s i t y  a t  t h e  C-2
p o s i t i o n  o f  t h e  d e p r o t o n a t e d  t h i a z o l i u m  r i n g  i s  low .
L a s t l y ,  t h e  a r o m a t i c  y l i d e  f a i l s  t o  e x p l a i n  i m p o r t a n t
r e a c t i o n s  o f  t h i a m i n e  i n  w h ic h  t h e  a r o m a t i c i t y  o f  t h e
179 183 183t h i a z o l i u m  r i n g  i s  n o t  p r e s e r v e d .  ’ F o r  ex a m p le ,
i n  i t s  r e a c t i v i t y  w i t h  b e n z a ld e h y d e  i n  two e q u i v a l e n t s  o f  
K2 CO3  i n  d im e th y l fo rm a m id e ,  t h i a m i n e  y i e l d s  HBT k e t o n e  3 
i n  58% y i e l d  ( F ig u r e  33 , p a g e  1 4 0 ) .  A ls o ,  when HET 1 was 
s u s p e n d e d  i n  DMF i n  t h e  p r e s e n c e  o f  two e q u i v a l e n t s  o f
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Figure 3 3
ftr  N-H + P h C H OHAU^N T
I-2CI 3
K2 CO.j, i t  r e a r r a n g e d  t o  HET k e t o n e  4 i n  657, y i e l d  ( F ig u r e  
3 4 ) .  C l a s s i c a l l y ,  a n  a r o m a t i c  r i n g  h a s  4n+2 i r - e l e c t r o n s ,
F igu re  3 4
OH
OH
1 - 2 C I
K 2 C 0 3 >
T
b u t  a  s e c o n d  r e q u i r e m e n t  i s  t h a t  i n  i t s  r e a c t i v i t y  t h e  
a r o m a t i c  r i n g  r e v e r t s  t o  i t s  i n i t i a l  a r o m a t i c  s t a t e .  
O b v io u s ly ,  t h e  r e a c t i o n s  o f  t h i a m i n e  an d  2 - ( 1 - h y d r o x y -  
a l k y l ) - t h i a m i n e  s a l t s  t o  y i e l d  k e t o n e s  3 an d  4 d o e s  n o t  
p r e s e r v e  t h e  a r o m a t i c i t y  o f  t h e  t h i a z o l i u m  r i n g .  B ec au se
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t h e  y l i d e  s t r u c t u r e  s u g g e s t s  t h a t  t h e  a r o m a t i c i t y  o f  t h e  
t h i a z o l i u m  r i n g  i s  s a c r e d ,  s y n t h e s i s  o f  t h e  n o n - a r o m a t i c  
p r o d u c t s  o f  t h i a m in e  a r e  i g n o r e d ,  o r ,  a t  t h e  m o s t ,  i n t e r ­
p r e t e d  a s  i n t e r e s t i n g  s i d e  r e a c t i o n s  i r r e l e v a n t  t o  t h e  
c a t a l y t i c  m echan ism  o f  t h i a m i n e .  H ow ever, we s u g g e s t  
t h a t  t h e  r e a c t i v i t y  o f  t h i a m i n e  l e a d i n g  t o  l o s s  o f  t h e  
a r o m a t i c  r i n g - - a s  e x e m p l i f i e d  by  t h e  a d d i t i o n  o f  h y d r o x id e  
t o  C -2 , t h e  a d d i t i o n  o f  t h e  p y r im id in e - a m in o  g ro u p  t o  C -2 , 
and  t h e  s y n t h e s i s  o f  t h e  n o n - a r o m a t i c  k e t o n e s  and  4 - -  
i s  t h e  h e r e t o f o r e  i g n o r e d  r e a c t i v i t y  o f  t h i a z o l i u m  s a l t s ,  
a  r e a c t i v i t y  whose u n d e r s t a n d i n g  i s  v i t a l  t o  an  a c c u r a t e  
d e s c r i p t i o n  o f  t h e  c a t a l y t i c  e f f i c i e n c y  o f  t h i a m i n e  i n  
enzym ic  s y s t e m s - - i t  i s  t h e  d e l i c a t e  b a l a n c e  b e tw e e n  
a r o m a t i c i t y  and  n o n - a r o m a t i c i t y  w h ic h  endows t h i a m i n e  
w i t h  i t s  c a t a l y t i c  p r o p e r t i e s .
The p r o p o s a l  i n  t h i s  d i s s e r t a t i o n  a d d s  a  new p e r s p e c ­
t i v e  t o  t h e  c a t a l y t i c  p r o p e r t i e s  o f  t h i a m i n e .  The y l i d e  
m echan ism  h a s  e m p h a s iz e d  t h e  a r o m a t i c i t y  o f  t h e  t h i a z o l i u m  
r i n g - - o u r  p r o p o s a l  e m p h a s iz e s  t h e  d r i v e  t o  b r e a k  t h e  a r o ­
m a t i c i t y  o f  t h e  t h i a z o l i u m  r i n g .  F i r s t ,  we p r o p o s e  t h a t  
d e p r o t o n a t i o n  o f  t h i a z o l i u m  s a l t s  y i e l d s  a  n o n - a r o m a t i c  
c a r b e n e  w hose r e a c t i v i t y  i s  t o  n o n - a r o m a t i c  p r o d u c t s ,  a s  
e x e m p l i f i e d  by  t h e  a b i l i t y  o f  t h i a z o l y l  c a r b e n e s  t o  
d im e r i z e  and  r e a c t  w i t h  a ld e h y d e s  t o  g i v e  a c y l  d e r i v a t i v e s  
s u c h  a s  3 and  4 .  A d d i t i o n a l l y ,  by  c o m p a r in g  t h e  r a t e s  o f  
e x c h a n g e  o f  c a r b e n e  p r e c u r s o r s  r e p o r t e d  b y  s e v e r a l
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r e s e a r c h e r s ,  we s u g g e s t  a  u n iq u e  m echan ism  by w h ic h  t h e  
s u l f u r  o f  t h e  t h i a z o l i u m  r i n g  s t a b i l i z e s  t h e  d e p r o t o n a t e d  
c a r b e n e  i n t e r m e d i a t e .  S e c o n d ly ,  we s u g g e s t  t h a t  M e t z l e r ' s  
t r i c y c l i c  fo rm  o f  t h i a m i n e  e x p r e s s e s  t h e  l o g i c a l  e x p l a n a ­
t i o n  f o r  t h e  f u n c t i o n  o f  t h e  p y r i m i d i n e  r i n g .  A d d i t i o n  
o f  t h e  4 -a m in o  g ro u p  t o  t h e  e l e c t r o p o s i t i v e  C-2 p o s i t i o n  
b r e a k s  t h e  a r o m a t i c i t y  o f  t h e  t h i a z o l i u m  r i n g ;  we p r o p o s e ,  
t h e n ,  t h a t  t h e  a m in o p y r im id in y l  g ro u p  i s  a  n u c l e o p h i l i c  
c a t a l y s t  w hose f u n c t i o n  i s  t o  lo w e r  t r a n s i t i o n  s t a t e  
e n e r g i e s  i n  g o in g  f ro m  s t a b l e  a r o m a t i c  t o  u n s t a b l e  n o n -  
a r o m a t i c  i n t e r m e d i a t e s ,  and  by s t a b i l i z i n g  h i g h - e n e r g y  
a r o m a t i c  i n t e r m e d i a t e s  d u r i n g  t h e  com plex  m ech an ism  o f  
t h i a m i n e  c a t a l y s i s .
I n i t i a l  s t u d i e s  o n  t h e  n a t u r e  o f  t h e  e x c h a n g e  and
r e a c t i v e  i n t e r m e d i a t e  i n v o l v e d  m odel s y s te m s .  B e n z o th i a -
z o l iu m  s a l t  5 ,  w h ic h  h a s  a  s t r u c t u r e  s i m i l a r  t o  v i t a m i n
i n  h a v in g  a n  s p 2  h y b r i d i z e d  c a r b o n  ct t o  a  p o s i t i v e l y
c h a r g e d  n i t r o g e n  an d  a t o  a  c o n j u g a t e d  s u l f u r ,  r e a c t  v i a
a  c a r b e n e  i n t e r m e d i a t e ,  a s  d e m o n s t r a t e d  by i t s
a b i l i t y  t o  d i m e r i z e  i n  b a s i c  s o l u t i o n  ( F i g u r e  35 , p ag e
1 4 3 ) .  M e tz g e r  f i r s t  a r g u e d  t h a t  t h e  a c t i v e  d e p r o t o n a t e d
i n t e r m e d i a t e  i s  t h e  c a r b e n e  LV II w h ic h  r e a c t s  w i t h  a
s e c o n d  c a r b e n e  m o le c u le  t o  fo rm  t h e  n o n - a r o m a t i c  d im e r  
1 2 S 1 2 6L V I I I . ' The e x a c t  m e c h a n is m - -w h e th e r  t h e  d i m e r i -
z a t i o n  i s  v i a  t h e  s i n g l e t  o r  t h e  t r i p l e t  c a r b e n e - - h a s  n o t  
b e e n  e x p e r i m e n t a l l y  d e t e r m in e d .  As i n d i c a t e d  i n  t h e
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i n t r o d u c t i o n ,  t h e  a b i l i t y  o f  n u c l e o p h i l i c  c a r b e n e s  to  
d i m e r i z e  h a s  a l s o  b e e n  d e m o n s t r a t e d  f o r  o t h e r  m odel 
s y s te m s .
B e c a u se  o f  t h e  s i m i l a r i t i e s  b e tw e e n  t h e  s t r u c t u r e  o f  
t h i a z o l i u m  s a l t s  a n d  o t h e r  n u c l e o p h i l i c  c a r b e n e  g e n e r a t i n g
s p e c i e s ,  we h y p o t h e s i z e d ,  i n  a c c o r d  w i t h  t h e  h y p o t h e s i s  o f
i 22 153W a n z l ic k  and  In g ra h a m , t h a t  t h i a z o l i u m  s a l t s  r e a c t
v i a  a  c a r b e n e  i n t e r m e d i a t e .  T h i s ,  o f  c o u r s e ,  w o u ld  l e a d
t o  an  e x p l a n a t i o n  f o r  t h e  s e l e c t i v e  r e a c t i v i t y  o f  t h i a m in e
w i t h  a ld e h y d e s  t o  t h e  e x c l u s i o n  o f  o t h e r  e l e c t r o p h i l i c
s p e c i e s .  I n  o r d e r  t o  p r o v e  t h a t  t h i a z o l i u m  s a l t s  r e a c t
v i a  a  c a r b e n e ,  we d e m o n s t r a t e  c l a s s i c a l  c a r b e n e  r e a c t i o n s
o f  d e p r o t o n a t e d  t h i a z o l i u m  s a l t s ,  o f  w h ic h  d i m e r i z a t i o n  i s
b u t  o n e .
F i r s t  a t t e m p t s  t o  s y n t h e s i z e  d im e rs  f ro m  t h i a z o l i u m  
s a l t s  i n v o l v e d  e l e c t r o n  d e f i c i e n t  3 , 4 - d i m e t h y l - 5 -
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c a r b e t h o x y - t h i a z o l i u m  i o d i d e  7_. The p r e c u r s o r  o f  1_, 
4 - m e t h y l - 5 - c a r b e t h o x y - t h i a z o l e  j5, was s y n t h e s i z e d  by  t h e  
m ethod  o f  H a n z t s c h ,  a n d  s a l t  7 was p r e p a r e d  b y  r e f l u x i n g  
t h i a z o l e  6  w i t h  an  e x c e s s  o f  m e th y l  i o d i d e  i n  2 - b u ta n o n e  
f o r  24 h o u r s  ( F ig u r e  3 6 ) .  Compound 6 , when r e f l u x e d  i n
F ig u r e  3 6
a c e t o n e  f o r  f o u r  h o u r s  w i t h  two e q u i v a l e n t s  o f  NEtg i n  
t h e  a b s e n c e  o f  m o l e c u l a r  oxygen  y i e l d e d ,  a f t e r  t h e  u s u a l  
w orkup , a  d eep  r e d  o i l  w h ic h  h a d  p r o p e r t i e s  o f  d im e r  8  
( F ig u r e  3 7 ) .  The r e d  o i l  was s o l u b l e  i n  t y p i c a l  o r g a n i c  
s o l v e n t s ,  su c h  a s  CCl^, b e n z e n e ,  CHCl^, an d  an d  was
F ig u r e  3 7
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i n s o l u b l e  i n  1^ 0 , i n d i c a t i n g  t h a t  t h e  p o s i t i v e  c h a r g e  o f  
t h e  a r o m a t i c  t h i a z o l i u m  s a l t  h a d  b e e n  l o s t .
B e c a u se  o f  i t s  s e n s i t i v i t y  t o  o x y g en ,  w a t e r  and  a c i d ,  
d im e r  8  c o u ld  n o t  b e  p u r i f i e d  t o  h o m o g e n e i ty ;  i t  was 
c h a r a c t e r i z e d  by  nm r, m ass s p e c t r o m e t r y ,  and  c h e m ic a l  
r e a c t i v i t y .  The m ass s p e c t r u m  show ed t h e  p a r e n t  i o n  a t  
m /e  3 7 0 ,  an d  i o n  ra /e  355 c h a r a c t e r i s t i c  f o r  l o s s  o f  a 
m e th y l  g ro u p  f ro m  t h e  p a r e n t  i o n  ( F ig u r e  38 , p a g e  1 4 6 / .
The m a jo r  d e c o m p o s i t i o n  r o u t e  o f  t h e  d im e r  was c l e a v a g e  t o  
i t s  monomer c o r r e s p o n d i n g  t o  i o n s  m /e  186 and  185. A ls o  
d i s c e r n a b l e  w e re  i o n s  a t  m /e  342 an d  298 c o r r e s p o n d i n g  t o  
t h e  l o s s  o f  an  e t h y l  an d  c a r b e t h o x y  g ro u p  fro m  t h e  p a r e n t  
i o n ,  an d  i o n s  a t  m /e  158 and  134 c o r r e s p o n d i n g  t o  t h e  
l o s s  o f  a n  e t h y l  an d  c a r b e t h o x y  g ro u p  fro m  t h e  monomer.
The nmr s p e c t r u m  o f  7 showed s e v e r a l  t r i p l e t s  a t  6  1 .2 3  
a n d  a  b r o a d e n e d  q u a r t e t  a t  6  4 . 4  c h a r a c t e r i s t i c  o f  t h e  two 
c a r b e t h o x y  g r o u p s  ( s e e  nmr s p e c t r u m  num ber 1 1 ) .  The m e th y l  
s i g n a l s  a p p e a r e d  a s  s e v e r a l  s i n g l e t s  a t  6  2 .1  an d  6  3 . 2 ,  
c h a r a c t e r i s t i c  f o r  t h e  t h i a z o l i n e  a n d  n i t r o g e n  m e t h y l s ,  
r e s p e c t i v e l y .
The c h e m i s t r y  o f  c a r b e n e  d e r i v e d  d im e r  8  s u p p o r t s  t h e
p r o p o s e d  s t r u c t u r e .  I n  r e f l u x i n g  b e n z e n e  and  i n  t h e  p r e s -
2 - 2  *e n c e  o f  m o l e c u l a r  o x y g e n ,  t h e  A - d o u b le  bond o x i d i z e d  
t o  y i e l d  two e q u i v a l e n t s  o f  3 , 4 - d i m e t h y l - 5 - c a r b e t h o x y -  
t h i a z o l o n e  9 ( F i g u r e  39 , p a g e  1 4 7 ) .  I n  a q u e o u s  H I, d im e r  8  
c o n v e r t e d  b a c k  t o  t h e  s t a r t i n g  s a l t  7_ i n  50% i s o l a t e d
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y i e l d .  The i n a b i l i t y  t o  p u r i f y  d im e r  8  t o  h o m o g e n e i ty  was 
t h e  com bined  r e s u l t  o f  o u r  f a i l u r e  t o  c r y s t a l l i z e  i t  and
s o l u t i o n .  The i n s t a b i l i t y  o f  e t h y l e n i c  d o u b le  b o n d s  h a s  
a l s o  b e e n  r e p o r t e d  i n  d im e rs  d e r i v e d  fro m  t h e  c a r b e n e s  o f
a r e  r e a d i l y  a i r  o x i d i z e d  a n d  a r e  r e v e r t e d  t o  t h e  s t a r t i n g  
s a l t s  i n  d i l u t e  m i n e r a l  a c i d .
The r e a c t i v i t y  o f  t h e  e t h y l e n i c  d o u b le  b o n d s  o f  t h e s e  
d im e rs  i s  d r a m a t i c a l l y  d e m o n s t r a t e d  b y  t h e  f a c i l e  r e a r ­
ra n g e m e n t  o f  t h e  N -b e n z y l  d e r i v a t i v e s - - t h i s  r e a r r a n g e m e n t  
a l s o  h a s  t h e  a d v a n ta g e  o f  p r o d u c in g  s t a b l e ,  i s o l a t a b l e  
d e r i v a t i v e s .  When 3 - b e n z y l - 4 - m e t h y l - 5 - c a r b e t h o x y t h i a z o l i u m  
b ro m id e  LO, s y n t h e s i z e d  by  t h e  c o n d e n s a t i o n  o f  t h e  t e r t i a r y  
t h i a z o l e  6  w i t h  b e n z y l  b ro m id e ,  was r e f l u x e d  i n  t h e  a b s e n c e  
o f  o x ygen  and  i n  t h e  p r e s e n c e  o f  e x c e s s  t r i e t h y 1 a m in e ,
2 - 2 1o f  t h e  e x t r e m e  r e a c t i v i t y  o f  t h e  A -  d o u b le  bond i n
N -m e th y l  b e n z o t h i a z o l i u m  io d id e ^ ® ^ * and  d i p h e n y l i m i -
189 190d a z o l in iu m  t e t r a f l u o r o b o r a t e . ’ I n  b o t h ,  t h e  d im e rs
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t h i a z o l i n e  IT , r a t h e r  t h a n  t h e  e x p e c t e d  d im e r  LX I, was 
i s o l a t e d  ( F ig u r e  4 0 ) .  The s t r u c t u r e  o f  11 was c o n f i rm e d
Figure 4 0
by  nm r, e l e m e n t a l  a n a l y s i s ,  m ass s p e c t r o m e t r y ,  an d  m o le c ­
u l a r  w e ig h t  d e t e r m i n a t i o n .
A s e c o n d  exam ple  o f  r e a r r a n g e d  d im e r  f o r m a t i o n  from  
t h i a z o l i u m  s a l t s  i s  shown i n  t h e  c a r b e n e  r e a c t i v i t y  o f  t h e  
O - t r i t y l - N - b e n z y l  s a l t  o f  t h e  t h i a m i n e  t h i a z o l e  13 (R = 
t r i t y l ) . T h i s  s a l t  (R = H) h a s  b e e n  u s e d  a s  a  m odel s y s te m
1  1  C  1  1  Q
f o r  t h i a m in e  by Downes and  S y k e s ,  and  M e tz l e r  i n
10- B r  LX
LXI 11
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s t u d i e s  o f  M i t z u h a r a ' s  a c y l o i n  c o n d e n s a t i o n  t e s t ,  and  by 
B r e s l o w ^ ^  f o r  t h e  s t u d y  o f  t h e  C-2 h y d r o g e n - d e u te r iu m  
e x c h a n g e  r e a c t i o n  o f  t h i a z o l i u m  s a l t s .  T h i a z o l e  12 
( F ig u r e  41) was p r e p a r e d  by  t h e  r e a c t i o n  o f  t h e  t h i a m in e
F ig u r e  41
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t h i a z o l e  w i t h  t r i t y l c h l o r i d e  i n  t h e  p r e s e n c e  o f  t h e  
n u c l e o p h i l i c  c a t a l y s t  d i m e t h y l a m i n o p y r i d i n e ,  an d  s a l t  13̂  
was p r e p a r e d  by  b e n z y l a t i o n  o f  1 2  w i t h  b e n z y l  b ro m id e .
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S a l t  13 y i e l d e d  t h e  r e a r r a n g e d  d im e r  14 when r e f l u x e d  i n  
b a s e  i n  d e o x y g e n a te d  a c e t o n e  ( F ig u r e  4 1 ) .  I n  t h i s  c a s e ,  
t h e  r e a c t i o n  was s lo w  i n  t r i e t h y l a m i n e , b u t  r e a d i l y  y i e l d e d  
t h e  d im e r  14 i n  t h e  p r e s e n c e  o f  t h e  s t r o n g e r  b a s e  DBN. The 
r a t i o n a l  e x p l a n a t i o n  f o r  t h e  m echan ism  o f  s y n t h e s i s  o f  b o t h  
11 and  14 i s  t h r o u g h  t h e  1 , 3 - s i g m a t r o p i c  r e a r r a n g e m e n t  o f  
t h e  n o n - a r o m a t i c  c a r b e n e  d e r i v e d  d im e r  i n t e r m e d i a t e s  LXI 
and  L X I I I , r e s p e c t i v e l y .
T h is  f a c i l e  1 , 3 - s i g m a t r o p i c  r e a r r a n g e m e n t  h a s  b e e n
d e m o n s t r a t e d  f o r  t h e  c a r b e n e  d im e r  o f  N - b e n z y l - b e n z o t h i a -
1 91 192z o l iu m  b ro m id e  15 . * B a ld w in  p r e p a r e d  t h e  e t h y l e n i c
d im e r  LXV by t r e a t i n g  s a l t  115 a t  0°C w i t h  t r i e t h y l a m i n e  
( F ig u r e  4 2 ,  p a g e  1 5 1 ) .  When t h i s  r e a c t i v e  d im e r  was h e a t e d  
t o  80°C i n  d im e th y l fo rm a m id e ,  c o n d i t i o n s  u n d e r  w h ic h  t h e  
d im e r  d o e s  n o t  r e v e r t  t o  t h e  s t a r t i n g  c a r b e n e ,  i t  r e a d i l y  
r e a r r a n g e d  t o  t h e  c o r r e s p o n d i n g  b e n z o t h i a z o l i n e  36. Under 
o u r  c o n d i t i o n s  f o r  t h e  s y n t h e s i s  o f  t h i a z o l i n e s  ]3  and 1 4 , 
b e n z o t h i a z o l i u m  s a l t  15 y i e l d e d  t h e  r e a r r a n g e d  d im e r  16 
d i r e c t l y  ( F i g u r e  4 2 ,  p a g e  1 5 1 ,  p a t h  b ) . The m echan ism  i s  
c e r t a i n l y  t h e  s a m e - - t h e  d i r e c t  s y n t h e s i s  o f  16 i n v o l v e s  
f i r s t  d i m e r i z a t i o n  o f  c a r b e n e  LXIV f o l lo w e d  by  a  f a c i l e  
1 , 3 - m i g r a t i o n  o f  a  b e n z y l  g r o u p .  T h is  e x p e r i m e n t a l  e v i ­
d e n c e  a l s o  i n d i c a t e s  t h e  c a r b e n e  o r i g i n  o f  t h e  r e a r r a n g e d  
d im e rs  13 an d  14 a s  p r o p o s e d  i n  F i g u r e s  40 and  41 , r e s p e c ­
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The r e a r r a n g e d  d im e r  17̂  ( F i g u r e  4 3 ,  p ag e  1 5 2 )  o f  t h i a ­
m ine was u l t i m a t e l y  o b t a i n e d  u n d e r  t h e  c o n d i t i o n s  r e p o r t e d  
f o r  t h e  s y n t h e s i s  o f  HET k e to n e  f ro m  HET. T h iam in e  and  
two e q u i v a l e n t s  o f  I^COg w ere  s u s p e n d e d  i n  DMF, and  th e  
r e a c t i o n  m i x t u r e  was h e a t e d  a t  45°C f o r  s i x  h o u r s  u n d e r  
an  oxygen  f r e e  a tm o s p h e r e .  A f t e r  a  l e n g t h y  w orkup , t h e  
r e a r r a n g e d  d im e r  a s  i t s  N , 0 - k e t a l  was o b t a i n e d  i n  157, 
y i e l d .  T h a t  t h e  d im e r  i s  t h e  N ,0  a n d  n o t  t h e  N ,N - k e ta l  
was c o n f i rm e d  by nm r, w h ic h  shows p e a k s  a t  6 5 . 8 - 6 . 8  c o r ­
r e s p o n d in g  t o  t h e  f o u r  e x c h a n g a b le  p y r im i d i n y l - a m i n o  h y d r o ­
g e n s .  U n f o r t u n a t e l y ,  t h e  d im e r  was i s o l a t e d  a s  a  50 -  50 














o f  t h e  t h i a z o l i d i n e  r i n g  i s  c i s  t o  e i t h e r  t h e  C-2 
p y r im i d y l - m e t h y l  o r  t h e  C-2 t h i a z o l y l  r in g *  The 4 -m e th y l  
c i s  t o  t h e  p y r im i d y l - m e t h y l  i s  s h i f t e d  0 .3 5 6  u n i t s  r e l a t i v e  
t o  t h e  4 - m e th y l  t r a n s  t o  t h e  p y r i m i d y l - m e t h y l  g ro u p .  T h is  
u n u s u a l l y  l a r g e  u p f i e l d  s h i f t  h a s  b e e n  d e m o n s t r a t e d  i n
m odel s y s te m s  i n  w h ich  a  1 -m e th y l  g ro u p  i s  c i s  t o  a  3-
193 196p h e n y l - m e th y l  s u b s t i t u e n t  i n  a  5-m em bered  r i n g .  '
I n  a n a lo g y  t o  t h e  m echan ism  o f  s y n t h e s i s  o f  r e a r r a n g e d  
d im e rs  11, 14 , and  lf i ,  t h i a z o l i d i n e  YJ_ i s  p ro d u c e d  by 
d i m e r i z a t i o n  o f  t h e  t h i a m i n e  c a r b e n e  t o  LX V II, 1 , 3 - s i g m a -  
t r o p i c  r e a r r a n g e m e n t  t o  t h i a z o l i n e  L X V II I , a n d  c l o s u r e  o f  
t h e  N , 0 - k e t a l - - t h i s  r i n g  c l o s u r e  r e l e a s e s  t h e  s t r a i n  i n  
t h e  p l a n a r  t h i a z o l i n e  r i n g  o f  LX VIII ( F i g u r e  4 3 ) .
The s t r u c t u r e  o f  t h e  t h i a m in e  d im e r  was a s c e r t a i n e d  
by e l e m e n t a l  a n a l y s i s ,  m ass s p e c t r o m e t r y  an d  m o l e c u l a r  
w e ig h t  d e t e r m i n a t i o n .  The e l e m e n t a l  a n a l y s i s  was c o n s i s ­
t e n t  w i t h  t h e  d im e r  a s  i t s  d i h y d r a t e .  T h i s  was n o t  u n e x ­
p e c t e d  s i n c e  t h e  i n s t a b i l i t y  o f  t h e  d im e r  p r o h i b i t e d  d r y in g  
a t  t h e  h ig h  t e m p e r a t u r e s  n e e d e d  f o r  re m o v a l  o f  t h e  w a t e r  
o f  h y d r a t i o n .  A d d i t i o n a l l y ,  t h e  d im e r  c o n t a i n s  one  f r e e  
h y d r o x y l ,  a  t e r t i a r y  am in e ,  s i x  p y r i m i d i n e  n i t r o g e n s ,  and 
one  t h i a z o l e  n i t r o g e n ,  a l l  o f  w h ic h  c a n  p o t e n t i a l l y  h y d r o -  
g e n  bond  t o  w a t e r  m o l e c u l e s .  A l th o u g h  t h e  d im e r  was to o  
u n s t a b l e  t o  a s c e r t a i n  t h e  m o l e c u l a r  w e i g h t  f ro m  m ass 
s p e c t r o m e t r y ,  a  good e s t i m a t e  was o b t a i n e d  by  t h e  R a s t  
m e th o d .  B ased  on t h e  d e p r e s s i o n  o f  t h e  m e l t i n g  p o i n t  o f
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b e n z o p h e n o n e , t h e  d im e r  was e s t i m a t e d  to  h a v e  a m o l e c u l a r  
w e ig h t  o f  580 , com pared  w i t h  t h e  a c t u a l  v a l u e  o f  565.
F i n a l  p r o o f  f o r  t h e  s t r u c t u r e  o f  t h e  d im e r  came from  
m ass s p e c t r o m e t r y - - t h e  m ass s p e c t ru m  showed c h a r a c t e r i s t i c  
io n s  a t  m /e  406 , 285 , 243, and  120. The e x p e c t e d  decom­
p o s i t i o n  schem e o f  t h e  d im e r  i s  shown i n  F i g u r e  44 (p ag e  
1 5 5 ) .  The p e a k  a t  m /e  406 c o r r e l a t e s  w i t h  t h e  l o s s  o f  a 
p y r i m i d i n y l  g ro u p  from  t h e  C-2 p o s i t i o n  o f  t h e  t h i a z o l i d i n e  
r i n g  an d  t h e  p e a k  a t  m /e  285 c o r r e l a t e s  w i t h  t h e  l o s s  o f  a 
s e c o n d  p y r i m i d i n y l  g ro u p  t o  t h e  b i s - t h i a z o l e  ( F ig u r e  44 , 
p a g e  15 5 , e q u a t i o n  i ) . The m a jo r  p e a k  a t  m /e  120 c o r r e ­
l a t e s  w i t h  t h e  f r e e  p y r i m i d i n y l - m e t h y l  i o n .  The p e a k  a t  
m /e  243 c o r r e l a t e s  w i t h  t h e  d i - p y r i m i d i n e ,  w h ic h  c o u ld  be 
p ro d u c e d  by  t h e  1 - 4 - s i g m a t r o p i c  r e a r r a n g e m e n t  o f  t h e  d im er  
a s  shown i n  e q u a t i o n  i i .  T h is  d e c o m p o s i t io n  p a t h  i s  a l s o  
c o n s i s t e n t  w i t h  t h e  d e c o m p o s i t io n  p a t t e r n  o f  t h e  r e a r r a n g e d  
d im e rs  11 , 14, and  1 6 .
The r e a c t i v i t y  o f  t h i a z o l i u m  s a l t s  7_, 10 , 13 and  1!> 
t o  n o n - a r o m a t i c  c a r b e n e  d im e r s ,  a s  w e l l  a s  t h e  s y n t h e s i s  
o f  t h e  r e a r r a n g e d  d im e r  o f  t h i a m i n e ,  u n e q u i v i c a l l y  demon­
s t r a t e s  t h e  c a r b e n e  n a t u r e  o f  t h e s e  d e p r o t o n a t e d  t h i a z o l i u m  
1 2 2 ,1 3 2
s a l t s .  I n  c o n f i r m a t i o n  o f  t h e s e  f i n d i n g s ,  s e v e r a l
a u t h o r s  h a v e  r e p o r t e d  t h i a z o l i u m  s a l t  c h e m i s t r y  w h ic h  can
now b e  t r u e l y  r e g a r d e d  a s  c a r b e n e  c h e m i s t r y .  T h e se  i n c l u d e
th e  s y n t h e s i s  o f  2 - p h o s p h o t h i a z o l i n e s  by  Takam izaw a,
194e t  a l ,  an d  t h e  r e a c t i o n  o f  t h i a z o l i u m  s a l t s  w i t h
Figure  4 4






195c y a n a t e s . S i m i l a r l y ,  t h e  i s o l a t i o n  o f  v i t a c h r o m e  LXIX.
( F ig u r e  45)  by  T akam izaw a, e t  a l , 1 9 6  d u r in g  t h e  r e a c t i o n  
o f  t h i a m i n e  ( so d iu m  s a l t )  w i t h  b e n z a ld e h y d e  i n  DMF a t  60°C 
c an  now b e  r a t i o n a l i z e d  a s  t h e  d e c o m p o s i t io n  o f  d im e r  
LXVIII t h r o u g h  t h e  l o s s  o f  two p y r i m i d i n y l  g r o u p s .  I n  
f a c t ,  t h e  i s o l a t i o n  o f  v i t a c h r o m e  s u p p o r t s  o u r  c o n c l u s i o n s  
on t h e  i d e n t i t y  o f  d im e r  17_ an d  d e m o n s t r a t e s  i t s  i n s t a b i l ­
i t y .




■ O C H X r
LXIX
N < 5 X ^ C H 2 ),
B e c a u se  t h e  d e p r o t o n a t e d  i n t e r m e d i a t e s  o f  t h e s e  t h i a ­
z o l iu m  s a l t s  y i e l d  n o n - a r o m a t i c  c a r b e n e  d im e r s ,  we s u g g e s t  
t h a t  d u r in g  d e p r o t o n a t i o n  t h i a z o l i u m  s a l t s  go f ro m  an 
a r o m a t i c  t o  a  n o n - a r o m a t i c  s t a t e .  D e p r o t o n a t i o n  h a s  a  
h i g h  e n e r g y  b a r r i e r ,  an d  t h i s  l o s s  o f  a r o m a t i c i t y  i s  m o st 
p r o b a b l y  t h e  r a t e - d e t e r m i n i n g  s t e p  i n  b o t h  t h e  d i m e r i z a t i o n
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o f  t h e  t h i a z o l y l  c a r b e n e  and  i n  i t s  a d d i t i o n  to  a l d e h y d e s .  
We p r o p o s e  t h a t  i n  e n z y m a t ic  s y s te m s ,  t h e  f u n c t i o n  o f  t h e  
a m in o - p y r im id in y l  g ro u p  o f  th i a m in e  i s  a s  a  n u c l e o p h i l i c  
c a t a l y s t  w h ic h  i n c r e a s e s  t h e  r a t e  o f  c a r b e n e  p r o d u c t i o n  
by p r o v i d i n g  a n o n - a r o m a t i c  c a r b e n e  p r e c u r s o r .  As i l l u s ­
t r a t e d  i n  F i g u r e  4 6 , i n t r a m o l e c u l a r  a d d i t i o n  o f  t h e  amino 
g ro u p  t o  C-2 b r e a k s  t h e  a r o m a t i c i t y  o f  t h e  t h i a z o l i u m
s a l t  an d  p r o d u c e s  i n t e r m e d i a t e  LXX w h ic h  h a s  a  l a b i l e
C-2 h y d ro g e n .  D e p r o t o n a t i o n  o f  t h e  C-2 h y d ro g e n  o f  LXX
p r o d u c e s  b e t a i n e  LXXI, an d  l o s s  o f  t h e  b e t t e r  l e a v i n g
g ro u p ,  t h e  p y r im i d i n e - a m i n o ,  p r o d u c e s  t h e  c a r b e n e  LXVI.
To f u n c t i o n  a s  a n u c l e o p h i l i c  c a t a l y s t ,  t h e  p y r im i -
197d i n y l  g ro u p  m u st m ee t  two r e q u i r e m e n t s .  F i r s t ,  t h e  C-2
h y d ro g e n  o f  LXX m u st  b e  m ore a c i d i c  t h a n  t h e  C-2 p r o t o n  o f  
t h e  t h i a z o l i u m  r i n g .  S e c o n d ly ,  t h e  p y r i m i d i n y l  g ro u p  o f
LXXI m u s t  b e  a b e t t e r  l e a v i n g  g ro u p  t h a n  t h e  -S-C=NC






tt- e l e c t r o n s  o f  t h e  t h i a z o l i u m  s a l t .  The f i r s t  r e q u i r e m e n t  
i s  e a s i l y  r a t i o n a l i z e d .  The a n io n  o f  LXXI i s  s t a b i l i z e d  
by  t h e  p o s i t i v e  c h a r g e  o f  t h e  a - n i t r o g e n ,  i n d u c t i v e  s t a b i ­
l i z a t i o n  by  t h e  a - n i t r o g e n  a n d  o - s u l f u r  h e t e r o a t o m s ,  and
198a l s o  by  t h e  p o l a r i z a b i l i t y  o f  t h e  a - s u l f u r .  A d d i t i o n ­
a l l y ,  d e p r o t o n a t i o n  o f  LXX d o es  n o t  r e q u i r e  b r e a k i n g  o f  an 
a r o m a t i c  r i n g ,  a s  i s  t h e  c a s e  w i t h  t h e  d i r e c t  d e p r o t o n a ­
t i o n  o f  t h e  t h i a z o l i u m  r i n g .  Q u a l i t a t i v e  a r g u m e n ts ,  t h e n ,  
s u g g e s t  t h e  C-2 p r o t o n  o f  LXX i s  m ore a c i d i c  t h a n  t h e  C-2 
p r o t o n  o f  t h i a m i n e .  The l e a v i n g  g ro u p  a b i l i t y  o f  t h e  
p y r i m i d i n y l  g ro u p  i s  d i f f i c u l t  t o  a s s e s s .  However, t h e  
good l e a v i n g  g ro u p  a b i l i t y  o f  s t r u c t u r a l l y  r e l a t e d  n u c l e o -  
p h i l i c  c a t a l y s t s  i s  w e l l  known. F o r  ex a m p le ,  d i m e t h y l -
a m in o p y r id in e  i s  a  n u c l e o p h i l i c  c a t a l y s t  b e c a u s e  i t  i s
199b o t h  a  good  n u c l e o p h i l e  and  a  good l e a v i n g  g ro u p .
Our e v id e n c e  f o r  t h i s  f u n c t i o n  o f  t h e  p y r i m i d i n e  r i n g  
i s  c i r c u m s t a n t i a l .  M e tz l e r  was t h e  f i r s t  t o  i s o l a t e  t h e  
u n s t a b l e  t r i c y c l i c  fo rm  o f  t h i a m i n e  LXXII ( F ig u r e  47 , 
p a g e  1 5 9 ) - - t h i s  i n t e r m e d i a t e  r e a d i l y  a i r  o x i d i z e s ; ^ 1 ,  174
a l s o ,  th io c h ro m e  i s  q u a n t i t a t i v e l y  fo rm ed  fro m  th i a m in e  by
n  200o x i d a t i o n  o f  LXXII ’ - - t h e s e  r e a c t i o n s  i n d i c a t e  t h e  
l a b i l i t y  o f  t h e  C-2 h y d ro g e n  o f  LXXI I  an d  t h e  p r o t o n a t e d  
i n t e r m e d i a t e  LXX ( F ig u r e  4 6 ) .  S i m i l a r l y ,  when t h e  
t h i a m in e  a n a lo g  19 was s u s p e n d e d  i n  a c e t o n e  i n  two e q u i v a ­








th io c h ro m e
i n  90%  y i e l d  ( F i g u r e  4 8 ) .  The C-2 p r o t o n  o f  20 ex c h a n g e d  
w i t h  s o l v e n t  d e u t e r i u m ,  and  was a l s o  e x t r e m e l y  l a b i l e  t o  
o xygen  and  h e a t .
Figure 4 8
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20(D)
Our h y p o t h e s i s  o f  a  s e c o n d  e x c h a n g e  i n t e r m e d i a t e  a l s o  
e x p l a i n s  s e v e r a l  a n o m a l ie s  i n  t h e  C-2 H-D e x c h a n g e  o f
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t h i a m i n e .  U l l r i c h  and  M an n sh reck  h a v e  d e m o n s t r a t e d  t h a t
a  p l o t  o f  t h e  I n  t% o f  t h i a m i n e  e x c h a n g e  v s  pH i s  a  l i n e a r
9 0 1f u n c t i o n  b e tw e e n  pH 1 an d  6 , i n d i c a t i n g  t h a t  t h e  se c o n d
o r d e r  r a t e  c o n s t a n t  kQ^- r e m a in s  c o n s t a n t  i n  t h i s  pH
r a n g e .  A d d i t i o n a l l y ,  e x c h a n g e  above  pH = 5 i s  i n s t a n -
201t a n e o u s ,  to o  r a p i d  t o  m e a s u re  by  nrar t e c h n i q u e s .  T hus , 
a l t h o u g h  i n  t h i s  pH r a n g e  t h i a m i n e  g o es  f rom  a  s o l u t i o n  
c o n t a i n i n g  957. o f  t h e  h y d r o c h l o r i d e  s a l t  t o  one  c o n t a i n i n g  
50% o f  t h e  p y r im i d i n e  f r e e - b a s e ,  t h e  e x c h a n g e  i n t e r m e d i a t e  
d o es  n o t  c h a n g e ,  o r  t h e  s e v e r a l  d i f f e r e n t  e x c h a n g e  i n t e r ­
m e d ia t e s  h a v e  s i m i l a r  r a t e  c o n s t a n t s .  O b v io u s ly ,  t h e  HC1 
s a l t  s h o u ld  h a v e  a  l a r g e r  r a t e  c o n s t a n t  t h a n  t h e  f r e e  b a s e  
s i n c e  i t  w ou ld  h a v e  a  l a r g e r  i n d u c t i v e  e f f e c t  on  c a r b e n e  
f o r m a t i o n .  To e x p l a i n  t h i s  d i s c r e p a n c y ,  we p r o p o s e  t h a t  
t h e  f r e e  b a s e  e x c h a n g e s  v i a  t h e  more l a b i l e  i n t e r m e d i a t e  
t r i c y c l i c  fo rm  LXX ( F ig u r e  4 6 ) .  S e c o n d ly ,  e x t r a p o l a t i o n  
o f  o u r  r a t e  d a t a ,  w h ic h  i s  c o n s i s t e n t  w i t h  t h e  e x c h a n g e  
d a t a  o f  M annsh reck  and  U l l r i c h ,  i n d i c a t e  a l i m i t i n g  k g ^ -  
f o r  t h e  f r e e  b a s e  o f  t h i a m i n e  o f  4 x  1 0 ^ se c" ’^M- '̂ a t  42°C 
( T a b le  8 , p a g e  9 1 ) .  T h is  minimum r a t e  c o n s t a n t  f o r  t h i a ­
m ine c h l o r i d e  i s  l a r g e r  t h a n  t h e  r a t e  c o n s t a n t  o f  o x y t h i a -  
m ine  c h l o r i d e  21 u n d e r  o u r  c o n d i t i o n s  (k QD-  = 3 .5  x 
lO ^ se c  a t  4 2 ° C ) . H ow ever, t h e  pKa o f  t h e  4 -
p y r i m i d i n y l  n i t r o g e n  i n d i c a t e s  t h a t  t h e  o x y p y r im id in e  
o f  o x y th ia m in e  h a s  a l a r g e r  i n d u c t i v e  e f f e c t  t h a n  t h e  
a m in o p y r im id in e  o f  t h i a m in e  (pKao x y th ia in in e  = 2 . 8
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P^a th ia m in e  ~ anc* th u s  o x y th i a m in e  s h o u ld  show a
l a r g e r  kQD-  f o r  e x c h a n g e .  A g a in ,  e x c h a n g e  v i a  t h e  m ore 
a c t i v a t e d  th io c h r o m in iu m  i o n  LXX e x p l a i n s  t h i a m i n e ' s  
i n c r e a s e d  r a t e  o f  e x c h a n g e  r e l a t i v e  t o  o x y th i a m in e .
I n t e r e s t i n g l y ,  t h e  c h e m ic a l  s t a b i l i t y  o f  t h e  c a r b e n e  
i n t e r m e d i a t e s  i s  s t r o n g l y  i n f l u e n c e d  by  t h e  s u b s t i t u e n t s  
o f  t h e  t h i a z o l i u m  r i n g .  Thus t h e  5 - c a r b e t h o x y t h i a z o l i u m  
s a l t s  7 and  10 and  t h e  b e n z o t h i a z o l i u m  s a l t s  5 an d  15̂  
r e q u i r e  t h e  w e a k e r  b a s e  NEt^ f o r  c a r b e n e  g e n e r a t i o n ,  
w h e re a s  t h e  t h i a m i n e  t h i a z o l i u m  s a l t s  r e q u i r e  t h e  s t r o n g e r  
b a s e s  DBN, K2 CO3  o r  NaOEt. T h is  q u a l i t a t i v e  d i f f e r e n c e  
s u g g e s t s  t h a t  t h e  c a r b e n e s  o f  t h e  5 - c a r b e t h o x y -  an d  b e n z o ­
t h i a z o l i u m  s a l t s  a r e  m ore  s t a b l e  t h a n  c a r b e n e s  o f  t h e  
t h i a m in e  t h i a z o l i u m  s a l t s .  I n  f a c t ,  c o m p a r i s o n  o f  t h e  
r a t e s  o f  c a r b e n e  g e n e r a t i o n  f ro m  t h e s e  an d  o t h e r  h e t e r o ­
c y c l i c  s y s te m s  l e a d  t o  i m p o r t a n t  i n s i g h t s  i n t o  t h e  e l e c ­
t r o n i c  n a t u r e  o f  n u c l e o p h i l i c  c a r b e n e s .
T a b le  9, p a g e  162, i s  a  com pendium  o f  C-2 H-D e x c h a n g e  
r a t e s  o f  c a r b e n e  p r e c u r s o r s  u n d e r  v a r i e d  c o n d i t i o n s .  An 
a t t e m p t  h a s  b e e n  made t o  r e p o r t  c a t a l y t i c  c o n s t a n t s  u n d e r  
s i m i l a r  c o n d i t i o n s .  I t  m u s t  b e  n o t e d  t h a t  s a l t s  i n  g ro u p  
A e x c h a n g e  v e r y  r a p i d l y - - t h e  r a t e s  a r e  a p p r o x im a te  and  
m u s t  b e  i n t e r p r e t e d  w i t h  c a u t i o n .  The r a t e  o f  e x c h a n g e  o f  
t h e  g ro u p  B s a l t s  h a v e  b e e n  m e a s u re d  c a r e f u l l y  i n  DjO, and 
good a g r e e m e n t  h a s  b e e n  fo u n d  b e tw e e n  d i f f e r e n t  v a l u e s  








k od- t 1/2
LXXIV p h ' N ' ' ^ t r Ph
i r
(pH- 5.0)
h y d r o l y s i s  i s  im m e d ia te ;  
e x c h a n g e  i s  1 0 % r a t e  o f  
h y d r o l y s i s













1 . 0 5 x l 0 8 (28°C) 
3 . 8 x l 0 7 (34°C)
1 . 8 x l 0 6 (30°C)
3 . 2 x 1 0 5 (8 5 ° C )
7 . 8 x 1 0 5 ( 2 8 ° C )
3 . 7 x 1 0 5 ( 3 4 ° C )
1 . 3 x l 0 2 (34°C)
6 . 1  s e c  
17 s e c
5 .9 7  min
33 m in
14 m in 
29 m in
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q u a n t i t a t i v e  d i f f e r e n c e s  b e tw e e n  t h e  r a t e  o f  ex ch an g e  o f  
t h e s e  s a l t s .
C o m p ariso n  o f  t h e s e  r a t e s  o f  e x c h a n g e  l e a d s  t o  s e v e r a l
g e n e r a l i z a t i o n s - - f i r s t ,  a l l  t h e  s a l t s  i n  T a b le  9 h a v e  a
q u a t e r n a r y  n i t r o g e n .  S e c o n d ly ,  t h e  n o n - a r o m a t i c  h e t e r o -
a z o l iu m  s a l t s  e x c h a n g e  a t  a  f a s t e r  r a t e  t h a n  t h e  c o r r e s -
205p o n d in g  a r o m a t i c  d e r i v a t i v e s .  T hus , i m id a z o l in iu m  s a l t
LXXIV e x c h a n g e s  a t  a  f a s t e r  r a t e  t h a n  b e n z im id a z o l iu m  
LXXVIII an d  im id a z o l iu m  LXXX. L ik e w is e ,  t h i a z o l i n i u m  
s a l t  LX XIII e x c h a n g e s  a t  a  f a s t e r  r a t e  t h a n  b e n z o t h i a z o l i u m  
LXXVII an d  t h i a z o l i u m  LXXIX. T h i r d l y ,  t h e  a r o m a t i c  a z o l iu m  
s a l t s  w i t h  a  f u s e d  b e n z e n e  r i n g  a t  t h e  C -4 , C-5 p o s i t i o n  
c o n s i s t e n t l y  e x c h a n g e  a t  a f a s t e r  r a t e  t h a n  t h e  c o r r e s p o n d ­
in g  4 , 5 - d i a l k y l  a z o l iu m  s a l t s .  T hus ,  b e n z im id a z o l iu m  
LXXVIII and  b e n z o t h i a z o l i u m  LXXVII e x c h a n g e  a t  a  f a s t e r  
r a t e  t h a n  im id a z o l iu m  LXXX and t h i a z o l i u m  LXXIX, r e s p e c ­
t i v e l y .  L a s t l y ,  i n  b o t h  t h e  b e n z o -  and  4 , 5 - d i a l k y l  a r o ­
m a t i c  s e r i e s ,  t h e  s e c o n d  h e t e r o a t o m  i n c r e a s e s  t h e  r a t e  o f  
e x c h a n g e  i n  t h e  o r d e r  0 > S > N -  (R a te  o f  ex ch an g e
i s :  LXXV > LXXVII > LXXVIII an d  LXXVI > LXXIX > LXXX).
S e v e r a l  i n v e s t i g a t o r s  h a v e  d e m o n s t r a t e d  t h a t  d e p r o -
131 202t o n a t i o n  o f  t h e s e  s a l t s  i s  a  h i g h  e n e r g y  p r o c e s s .  ’
Thus t h e  d e p r o t o n a t i o n  h a s  a l a t e  t r a n s i t i o n  s t a t e ,  an d , 
a s  a  r e s u l t  o f  t h e  Hammond p o s t u l a t e ,  t h e  t r a n s i t i o n  s t a t e  
i s  c a r b e n e - l i k e :  t h e  more s t a b l e  c a r b e n e  w i l l  e x c h a n g e  a t
a  f a s t e r  r a t e .  I n t e r p r e t a t i o n  o f  t h e  e x c h a n g e  d a t a  o f
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T a b le  9 l e a d s  u s  t o  p r o p o s e ,  i n  a c c o r d  w i t h  t h e  t h e o r e t i c a l  
c a l c u l a t i o n s  o f  H o f f m a n , t h a t  t h e  m a jo r  f a c t o r  d e t e r ­
m in in g  t h e  s t a b i l i t y  o f  t h e  c a r b e n e  i n t e r m e d i a t e  i s  t h e  
e l e c t r o n  d e n s i t y  on  t h e  c a r b e n e  c a r b o n ;  a  low e l e c t r o n
d e n s i t y  s t a b i l i z e s  and  a  h i g h  e l e c t r o n  d e n s i t y  d e s t a b i l i z e s
148 149t h e  n u c l e o p h i l i c  c a r b e n e .  ’ B e c a u se  t h e  s i n g l e t  c a r ­
b e n e  h a s  a  lo n e  p a i r  and  an  em pty  p - o r b i t a l ,  e l e c t r o n  d e n ­
s i t y  a t  t h e  c a r b e n e  c a rb o n  i s  d e p e n d e n t  on 1 ) r e s o n a n c e  
e l e c t r o n  d o n a t i o n  by t h e  h e t e r o a to m s  i n t o  t h e  em pty p -  
o r b i t a l  and  2 ) e l e c t r o n  i n d u c t i o n  w h ic h  d e p e n d s  on t h e  
e l e c t r o n e g a t i v i t y  o f  t h e  h e t e r o a t o m s .
The f i r s t  r e q u i r e m e n t  f o r  r a p i d  C-2 h y d r o g e n / d e u t e r i u m  
e x c h a n g e  o f  t h e s e  h e t e r o c y c l i c  s a l t s  i s  t h e  p o s i t i v e  c h a r g e  
on t h e  q u a t e r n a r y  n i t r o g e n - - t h i s  i s  t h e  o n l y  f e a t u r e  common 
t o  a l l  t h e  s a l t s .  O lo f s o n  h a s  d e m o n s t r a t e d  t h a t  t h e  t h i a ­
z o l iu m  s a l t  LXXIX ( F ig u r e  4 9 ,  p a g e  165) e x c h a n g e s  a t  a  10"^  
f a s t e r  r a t e  t h a n  i t s  c o r r e s p o n d i n g  t e r t i a r y  t h i a z o l e  
LXXXI. ^ ^  A ls o ,  a t  pH < 11 , t h e  t e r t i a r y  t h i a z o l e  
e x c h a n g e s  v i a  t h e  p r o t o n a t e d  i o n  LXXXII. O lo f s o n ,  i n  s u p ­
p o r t  o f  B r e s lo w 's  p r o p o s a l ,  s u g g e s t s  t h a t  t h e  p o s i t i v e
c h a r g e  on n i t r o g e n  e l e c t r o s t a t i c a l l y  s t a b i l i z e s  t h e  n e g a -
1 S I  2 0 1  2 0 4t i v e  c h a r g e  on t h e  C-2 c a r b o n  v i a  t h e  y l i d e .  ’ ’
How ever, o u r  r e s u l t s  t h a t  t h e  c a r b e n e  i s  t h e  d e p r o t o n a t e d  
i n t e r m e d i a t e  l e a d s  u s  t o  a  d i f f e r e n t  i n t e r p r e t a t i o n .  The 
p o s i t i v e  c h a r g e  a l lo w s  n i t r o g e n  t o  a c c e p t  t h e  i r - e l e c t r o n s  
upon  d e p r o t o n a t i o n  a t  C-2 ( F ig u r e  50 , p a g e  1 6 5 ) .  T h is
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Figure  4 9
X k  i * = t  X X
LXXIX* r  LXXIX (DJ *r
t q l  & yx *=* iXD +





e l e c t r o n  w i th d r a w a l  d e c r e a s e s  e l e c t r o n  d e n s i t y  by p r o v i d i n g  
an  em pty  p - o r b i t a l  a t  t h e  c a r b e n e  c a r b o n ,  and  a  lo n e  e l e c ­
t r o n  p a i r  on n i t r o g e n .
The i n c r e a s e d  s t a b i l i t y  o f  t h e  c a r b e n e  o f  t h e  n o n -  
a r o m a t i c  c y c l i c  s y s te m s  (g ro u p  A s a l t s )  i s  e a s i l y  r a t i o n a l ­
i z e d .  In g ra h a m  h a s  d e m o n s t r a t e d  t h a t  t h i a z o l i n i u m  s a l t
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LX XIII e x c h a n g e s  r a p i d l y ,  b u t  t h e  a c y c l i c  d e r i v a t i v e  LXXXIV
205shows no e x c h a n g e  ( F ig u r e  5 1 ) .  They s u g g e s t  t h a t  d e p r o ­
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e x c h a n g e
a l lo w s  f o r  t h e  r e l e a s e  o f  t h e  s t e r i c  s t r a i n  i n h e r e n t  i n
+■ 205t h e  p l a n a r  !TN=C-S- c y c l i c  s y s te m .  I n  o u r  i n t e r p r e t a ­
t i o n ,  t h i s  p u c k e r i n g  o f  t h e  c a r b e n e  i n t e r m e d i a t e  LXXXV 
( F ig u r e  51) r e s u l t s  i n  i n c r e a s i n g  sp ^  h y b r i d i z a t i o n  o f  t h e  
n i t r o g e n  an d  s u l f u r  h e t e r o a t o m s ,  a n d  g r e a t l y  d e c r e a s e s  t h e  
a b i l i t y  o f  t h e  two h e t e r o a to m s  t o  d o n a te  e l e c t r o n s  t o  t h e  
c a r b e n e  s i n c e  t h e  l o n e  p a i r s  a r e  n o t  a l i g n e d  w i t h  t h e  p -  
o r b i t a l  o f  t h e  c a r b e n e  c a r b o n .  Thus t h e  e l e c t r o n  d e n s i t y  
a t  t h e  c a r b e n e  i s  l o w - - t h e  c a r b e n e  i s  s t a b i l i z e d ,  and  t h e
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s a l t  shows a  c o m p a r a t i v e l y  f a s t  r a t e  o f  e x c h a n g e .  A 
s i m i l a r  a rg u m e n t  e x p l a i n s  t h e  i n c r e a s e d  c a r b e n e  s t a b i l i t y ,  
and  t h e  c o r r e s p o n d i n g  r a p i d  r a t e  o f  e x c h a n g e ,  o f  
i m id a z o l in iu m  s a l t  LXXIV r e l a t i v e  t o  t h e  b e n z o -  an d  4 , 5 -  
d i a l k y l  im id a z o l iu m  s a l t s  LXXVIII an d  LXXX, r e s p e c t i v e l y  
( T a b le  9 ) .
I n  t h e  g ro u p  B b e n z o -  an d  4 , 5 - d i a l k y l - a z o l i u m  s a l t s ,  
t h e  am ount o f  s t e r i c  s t r a i n  r e l e a s e d  on d e p r o t o n a t i o n  w i l l
p l a n a r  due t o  t h e  s p 2  h y b r i d i z a t i o n  o f  t h e  d o u b le  bond  an d  
b e n e z e n e  r i n g ,  r e s p e c t i v e l y - - t h i s  i n c r e a s e s  t h e  h e t e r o ­
a t o m 's  a b i l i t y  t o  d o n a t e  e l e c t r o n  d e n s i t y  i n t o  t h e  c a r b e n e  
p - o r b i t a l .  T h u s ,  r e l a t i v e  t o  t h e  n o n - a r o m a t i c  a n a lo g s  
(g ro u p  A ) , t h e  a r o m a t i c  s a l t s  o f  T a b le  9  show a  s lo w e r  r a t e  
o f  e x c h a n g e .  S e c o n d ly ,  t h e  r e l a t i v e  r a t e s  o f  e x c h a n g e  o f  
t h e  b e n z o -  d e r i v a t i v e s  LXXVII an d  LXXVIII r e l a t i v e  t o . t h e  
4 , 5 - d i a l k y l  s a l t s  LXXIX an d  LXXX, r e s p e c t i v e l y ,  c a n  a l s o  
b.e r a t i o n a l i z e d  i n  te r m s  o f  e l e c t r o n  d e n s i t y  a t  t h e  c a r b e n e  
c a r b o n .  I n  t h e s e  b e n z o h e t e r o c y c l i c  c a r b e n e s ,  t h e  two 
a - h e t e r o a t o m s  a r e  c o n j u g a t e d  w i t h  t h e  f u s e d  b e n z e n e  r i n g .  
The lo n e  p a i r s  o f  e l e c t r o n s  o f  t h e  h e t e r o a t o m s  a r e  d e l o c a l ­
i z e d  a s  i l l u s t r a t e d  by t h e  r e s o n a n c e  c o n t r i b u t o r s  i n  
F i g u r e  52 (p a g e  1 6 8 ) .  T h is  l o n e  p a i r  d e l o c a l i z a t i o n  
d e c r e a s e s  e l e c t r o n  d o n a t i o n  by  t h e  h e t e r o a t o m s  i n t o  t h e
be  d e c r e a s e d .  The h e t e r o a t o m s  o f  t h e and
s y s te m s  t e n d  t o  r e m a in  s p 2  h y b r i d i z e d  and
168
Figure 52
LXXV : Y = 0  
LXXVII : Y = S  
L X X V III :  Y = N C H
T O  ^  T O  -  T O
JoI I
T O ~ T O .  T O
c a r b e n e  p - o r b i t a l - - t h e  c a r b e n e  i s  s t a b i l i z e d  and  t h e
b e n z o - a z o l iu m  s a l t s  e x c h a n g e  a t  a  f a s t e r  r a t e  th a n  t h e
c o r r e s p o n d i n g  4 , 5 - d i a l k y l  a z o l iu m  s a l t s .
Our h y p o t h e s i s  i s  a l s o  s u p p o r t e d  by  t h e  r a t e  o f
e x c h a n g e  o f  t h e  5 - c a r b e t h o x y t h i a z o l i u m  s a l t s  7 and  1 0 - -
o u r  r e s u l t s  a r e  shown i n  T a b le  10 (p a g e  1 6 9 ) .  The r a t e  o f
e x c h a n g e  i s  i n  t h e  o r d e r  N -b e n z y l  (2)  > N -m e th y l  ( 1 ) ,
r e f l e c t i n g  t h e  m o d e s t  i n c r e a s e d  i n d u c t i v e  e f f e c t  o f  t h e
b e n z y l  g ro u p .  U nder s i m i l a r  c o n d i t i o n s ,  N -m e th y l  th i a m in e
2
t h i a z o l i u m  s a l t  1 JJ shows a  1 0  s lo w e r  r a t e  o f  e x c h a n g e .  
A ls o ,  t h e  r a t e  o f  e x c h a n g e  o f  t h e  N -m e th y l  s a l t  ]_ i s  t h e  
same o r d e r  o f  m a g n i tu d e  a s  t h e  r a t e  o f  e x c h a n g e  o f
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TABLE 10 
S a l t
o  k 0 d -  t V2
H ^ y O E t  (pH i'5.03)
^ N+— 8. 4x107 7 7 c/./ sec
Ph-v^N  2.7xl08
“  x o
OH 1 . 2 x l 0 6
L i l 4,9x 107
1.4xl08
3.8 sec
9 .0  min
13 sec
4.6 s e c
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N - m e t h y l - b e n z o t h i a z o l i u m  i o d i d e  5 - - t h u s  t h e  C-5 c a r b e th o x y  
g ro u p  shows a  s i m i l a r  r e s o n a n c e  e f f e c t  on c a r b e n e  f o r m a t io n  
a s  t h e  f u s e d  b e n z e n e  r i n g .  I n  t h e  c a r b e n e  i n t e r m e d i a t e  
LIX o f  s a l t  1_ ( F ig u r e  53) , t h e  f r e e  e l e c t r o n  p a i r  on 
n i t r o g e n  i s  d e l o c a l i z e d  v i a  t h e  c o n j u g a t e d  c a r b e th o x y  
g r o u p .  T h i s  d e l o c a l i z a t i o n  d e c r e a s e s  e l e c t r o n  d o n a t i o n  
by  n i t r o g e n  i n t o  t h e  c a r b e n e  p - o r b i t a l .  By o u r  h y p o t h e s i s ,  
t h e  e l e c t r o n  d e n s i t y  a t  t h e  c a r b e n e  i s  d e c r e a s e d  and  t h e  
c a r b e n e  i s  s t a b i l i z e d  r e l a t i v e  t o  t h e  t h i a m in e  t h i a z o l i u m  
s a l t s - - t h e  5 - c a r b e t h o x y  s a l t s  e x c h a n g e  a t  a  f a s t e r  r a t e .
Figure 53
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B e c a u se  o f  t h i s  i n c r e a s e d  c a r b e n e  s t a b i l i t y ,  s a l t s  6  and  
9 r e q u i r e  t h e  w e a k e r  b a s e  NEt^ f o r  c a r b e n e  f o r m a t i o n .
Our f o u r t h  g e n e r a l i z a t i o n ,  t h a t  t h e  r a t e  o f  C-2 H-D 
e x c h a n g e  i s  i n c r e a s e d  by  t h e  s e c o n d  h e t e r o a t o m  i n  t h e  o r d e r  
0>  S> N-R, h a s  b e e n  t h e  s u b j e c t  o f  g r e a t e r  c o n t r o v e r s y .
The g e n e r a l  f e e l i n g  h a s  b e e n  t h a t  t h e  m a jo r  e f f e c t  o f  a
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h e te r o a to m  s h o u ld  b e  i t s  e l e c t r o n e g a t i v i t y - - g r e a t e r  e l e c ­
t r o n e g a t i v i t y  s h o u ld  i n d u c t i v e l y  i n c r e a s e  t h e  p o s i t i v e
c h a r g e  on t h e  s a l t  an d  th u s  s h o u ld  s t a b i l i z e  y l i d e  fo rm a -
1 3 1 ,2 0 2 ,2 0 5 ,2 0 8  „  u . .t i o n .  ’ However, a l t h o u g h  n i t r o g e n  i s  more
e l e c t r o n e g a t i v e  t h a n  s u l f u r ,  im id a z o l iu m  s a l t  LXXX shows
a s lo w e r  r a t e  o f  e x c h a n g e  th a n  t h i a z o l i u m  s a l t  LXXIX 
131( T a b le  9 ) .  O lo f s o n  a r g u e s  t h a t  s u l f u r  i s  u n iq u e  i n
t h a t  t h e  s u l f u r  d - o r b i t a l s  a l l o w  s t a b i l i z a t i o n  o f  t h e
C-2 y l i d e  v i a  t h e  r e s o n a n c e  c o n t r i b u t o r s  shown i n  F i g u r e  
2045 4 . H ow ever, t h e  e x i s t e n c e  o f  a  l i n e a r ,  s p - h y b r i d i z e d
F ig u re  5 4
LXXXIII
c a rb o n  i s  i m p o s s i b l e  i n  a  f iv e -m e m b e re d  r i n g ,  and  
Breslow ^® ^ and  In g ra h a m ^ ®  a r g u e  t h a t  d - o r b i t a l  p a r t i c i p a ­
t i o n  i s  p r o b a b l y  m in im a l .
The a b i l i t y  o f  oxygen  r e l a t i v e  t o  s u l f u r  (an d  n i t r o ­
g en )  t o  s t a b i l i z e  a  c a r b e n e  i s  p r i m a r i l y  a  r e s u l t  o f
2 08  20Qo x y g e n 's  g r e a t e r  e l e c t r o n e g a t i v i t y .  ’ I n  f a c t ,  oxygen
c a n  d o n a te  e l e c t r o n  d e n s i t y  t h r o u g h  r e s o n a n c e  t o  a  c a r b o n
p - o r b i t a l  b e t t e r  t h a n  s u l f u r - - f o r  ex a m p le ,  a n i s o l e
(m e th o x y b e n zen e )  i s  e i g h t  t im e s  m ore r e a c t i v e  t h a n  t h i o -
210m e th y l  b e n z e n e  t o  e l e c t r o p h i l i c  a r o m a t i c  s u b s t i t u t i o n .  
H ow ever, oxygen  i s  0 .9  u n i t s  m ore e l e c t r o n e g a t i v e  t h a n
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s u l f u r .  O x y g e n 's  e l e c t r o n e g a t i v i t y  d e c r e a s e s  e l e c t r o n  d e n ­
s i t y  a t  t h e  c a r b e n e  by i n d u c t i v e  w i th d r a w a l  o f  t h e  c a r ­
b en e  ' s  lo n e  p a i r  o f  e l e c t r o n s  and  by  i n d u c t i v e  w i th d r a w a l  
o f  t h e  l o n e  p a i r  o f  e l e c t r o n s  on t h e  c o n j u g a t e d  n i t r o g e n .  
The a b i l i t y  o f  t h e  m ore e l e c t r o n e g a t i v e  a tom  o f  a g ro u p  
i n  t h e  p e r i o d i c  t a b l e  t o  s t a b i l i z e  a  c a r b e n e  i s  a l s o  
s e e n  i n  t h e  d i h a l o c a r b e n e s  m e n t io n e d  i n  t h e  i n t r o d u c t i o n .  
B ec au se  o f  t h e  g r e a t e r  e l e c t r o n e g a t i v i t y  o f  f l u o r i n e ,  
d i f l u o r o c a r b e n e  i s  much m ore s t a b l e  t h a n  d i c h l o r o c a r b e n e ,  
e v e n  th o u g h  f l u o r i n e  i s  b e t t e r  a b l e  t o  d o n a t e  e l e c t r o n  
d e n s i t y  t o  t h e  c a r b e n e  c a r b o n  v i a  r e s o n a n c e . 1 4 0 - ^ 4 2 , 1 4 7  
N i t r o g e n ,  on t h e  o t h e r  h a n d ,  i s  w e l l  known f o r  i t s  
a b i l i t y  t o  d o n a te  e l e c t r o n  d e n s i t y  v i a  r e s o n a n c e  t o  a
c a rb o n  p - o r b i t a l ,  e v e n  d e s p i t e  i t s  l a r g e  e l e c t r o n e g a t i v i t y .
7
F or ex a m p le ,  d im e th y la m in o b e n z e n e  i s  an  a s t o u n d i n g  10
t im e s  more r e a c t i v e  t o  e l e c t r o p h i l i c  a r o m a t i c  s u b s t i t u t i o n
t h a n  b o th  a n i s o l e  an d  t h i o m e th y lb e n z e n e  (com pare  w i t h  t h e
m o d e s t  e i g h t  t im e s  g r e a t e r  r e a c t i v i t y  o f  a n i s o l e  a s  com-
210p a r e d  t o  t h i o m e t h y l b e n z e n e ) .  T h u s ,  on d e p r o t o n a t i o n
o f  im id a z o l iu m  s a l t  LXXX ( T a b le  9 ) ,  t h e  s e c o n d  n i t r o g e n  
e n h a n c e s  e l e c t r o n  d e n s i t y  by r e s o n a n t  e l e c t r o n  d o n a t i o n  
i n t o  t h e  d e v e lo p in g  c a r b e n e  p - o r b i t a l .  T h is  g r e a t l y  
i n c r e a s e d  e l e c t r o n  d o n a t i o n  by  t h e  s e c o n d  n i t r o g e n  i n t o  
t h e  c a r b e n e  d e s t a b i l i z e s  t h e  t r a n s i t i o n  s t a t e  o f  d e p r o t o n a ­
t i o n  a n d  th u s  im id a z o l iu m  LXXX shows a  much s lo w e r  r a t e  o f  
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The a b i l i t y  o f  s u l f u r  o v e r  n i t r o g e n  t o  s t a b i l i z e  a 
c a r b e n e  i s  d r a m a t i c a l l y  d e m o n s t r a t e d  by t h e  ex ch an g e  
b e h a v i o r  o f  N -m e th y l  i s o t h i a z o l i u m  i o d i d e  LXXXVI ( F ig u r e
5 5 ) .  O lo f s o n  an d  c o - w o rk e r s  h av e  shown t h a t  t h e  C-5 
p r o t o n  a t o  t h e  s u l f u r  e x c h a n g e d  w i t h  s o l v e n t  d e u te r iu m ,  
w h e re a s  t h e  C-3 p r o t o n  a t o  n i t r o g e n  d i d  n o t  ex ch an g e
f t  A /
u n d e r  i d e n t i c a l  c o n d i t i o n s .  O b v io u s ly ,  t h e  e l e c t r o ­
s t a t i c  s t a b i l i z a t i o n  v i a  t h e  y l i d e  c a n n o t  b e  p e r p e t u a t e d  
o v e r  t h r e e  a t o m s . O lo f s o n  h a s  i n t e r p r e t e d  t h i s  r e s u l t  a s  
a  u n iq u e  s t a b i l i z a t i o n  o f  t h e  y l i d e  by t h e  d - o r b i t a l s  o f
f t  A /
s u l f u r .  H ow ever, we s u g g e s t  t h a t  s u l f u r  s t a b i l i z e s  
t h e  c a r b e n e  i n t e r m e d i a t e  a t  C-5 by d e c r e a s i n g  e l e c t r o n  
d e n s i t y ,  r e l a t i v e  t o  n i t r o g e n ,  a t  t h e  c a r b e n e  c a r b o n .
T h u s , c a r b e n e  LXXXVII a t  C-5 w i t h  e l e c t r o n  c o n t r i b u t i o n  
f ro m  s u l f u r  an d  a  d o u b le  bond  i s  p r e f e r r e d  o v e r  c a r b e n e  
LXXXVIII a t  C-3 w h ic h  a c c e p t s  a  l a r g e r  e l e c t r o n  d e n s i t y  
f rom  n i t r o g e n  and  a  d o u b le  b o n d .  I n  a d d i t i o n ,  t h e  C-5
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p r o t o n  e x c h a n g e s  a t  a  10 s lo w e r  r a t e  t h a n  t h e  C-2 p o s i t i o n  
o f  t h i a z o l i u m  s a l t  LXXIX ( F i g u r e  5 0 , p ag e  1 6 5 ) .  Thus t h e
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a d o u b le  bond d e s t a b i l i z e s  c a r b e n e  LXXXVI ( F ig u r e  55) 
r e l a t i v e  t o  t h e  <* n i t r o g e n  o f  c a r b e n e  LXXXIII ( F ig u r e  5 0 ) .
The c l a s s i c a l  e x p l a n a t i o n  f o r  t h e  i n c r e a s e d  a b i l i t y
o f  n i t r o g e n ,  r e l a t i v e  t o  s u l f u r  and  o x y g en ,  t o  d o n a te
e l e c t r o n  d e n s i t y  v i a  r e s o n a n c e  t o  a c a rb o n  p - o r b i t a l  (and
i n  t h i s  c a s e  t o  a  c a r b e n e  p - o r b i t a l )  i s  b a s e d  on t h e  s i z e
211o f  t h e  h e t e r o a t o m 's  p - o r b i t a l .  W i th in  t h e  s e c o n d  row 
o f  t h e  p e r i o d i c  t a b l e ,  t h e  s i z e  o f  an  a t o m 's  p - o r b i t a l s  
d e c r e a s e s  i n  t h e  o r d e r  C> N> 0 .  T h is  i s  p r i m a r i l y  a  r e s u l t  
o f  e l e c t r o n e g a t i v i t y ,  w h ich  i n c r e a s e s  i n  t h e  same o r d e r - - 
a  l a r g e r  e l e c t r o n e g a t i v i t y  c o n t r a c t s  t h e  a t o m 's  p - o r b i t a l  
s i n c e  t h e  e l e c t r o n s  a r e  h e l d  m ore t i g h t l y  t o  t h e  a to m ic  
n u c l e u s . T h u s , n i t r o g e n  m ore e f f i c i e n t l y  d o n a te s  e l e c t r o n  
d e n s i t y  t o ,  an d  th u s  d e s t a b i l i z e s ,  a  c a r b e n e  s i n c e  t h e  
p - o r b i t a l  o f  n i t r o g e n ' s  l o n e  p a i r  i s  c l o s e r  t o  t h e  s i z e  o f  
a  c a r b e n e ' s  p - o r b i t a l ,  p r o v i d i n g  f o r  maximum o r b i t a l  o v e r ­
l a p .  S u l f u r ,  h o w e v e r ,  c o n t r i b u t e s  3 p - o r b i t a l s  i n  a  
T r - s y s t e m - - s u l f u r ' s  3 p - o r b i t a l s  a r e  much l a r g e r  t h a n  t h e  
2 p - o r b i t a l s  o f  c a r b o n .  S u l f u r  t h u s  s t a b i l i z e s  a  c a r b e n e  
b e c a u s e  i t s  l a r g e r  3 p - o r b i t a l  i s  l e s s  e f f i c i e n t  a t  d o n a t in g  
e l e c t r o n  d e n s i t y  to  t h e  c a r b e n e  p - o r b i t a l .
Our h y p o t h e s i s ,  w h ic h  i s  t h e  f i r s t  t o  a d e q u a t e l y  
r a t i o n a l i z e  t h e  e x c h a n g e  b e h a v i o r  o f  s a l t s  L X X III- LXXX and  
LXXXVI, a p p e a r s  t o  c o n t r a s t  w i t h  r e s u l t s  on t h e  a b i l i t y  o f  
s u l f u r  t o  a c t  a s  a  d o u b le  bond  i n  an  a r o m a t i c  s y s te m .  
T h i o p h e n e ^ ^  and  t h i a z o l e ^ ' *  a r e  m ore a r o m a t i c  t h a n  t h e
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c o r r e s p o n d i n g  oxygen  and  n i t r o g e n  h e t e r o c y c l e s  ( F ig u r e
5 6 ) - - t h i s  i n c r e a s e d  a r o m a t i c i t y  o f  s u l f u r  h e t e r o c y c l e s  h a s  
n e v e r  b e e n  a d e q u a t e l y  e x p l a i n e d .  One e x p l a n a t i o n  i s  t h a t
F ig u r e  5 6
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t h i a z o l e  i m i d a z o l e  o x a z o l e
t h e  s u l f u r  a to m  i s  b e t t e r  a b l e  t o  accom m odate t h e  sp£ 
h y b r i d i z a t i o n  o f  t h e  o t h e r  f o u r  a tom s i n  t h e  r i n g .  In  
t h i o p h e n e ^ ^  and  t h i a z o l e , c r y s t a l  s t r u c t u r e  d a t a  i n d i ­
c a t e  t h a t  t h e  bond  a n g l e  a t  s u l f u r  i s  91 an d  8 9 ° ,  r e s p e c ­
t i v e l y ,  a n d  t h e  bond  a n g l e  a t  t h e  o t h e r  f o u r  a tom s i s  much 
c l o s e r  t o  t h e  i d e a l  s p 2 ~ h y b r i d i z e d  a n g l e  o f  1 2 0 °  (com pare  
bond  a n g l e s  o f  t h i o p h e n e  an d  t h i a z o l e  w i t h  t h e i r  n i t r o g e n  
an d  o x ygen  a n a l o g s  i n  F i g u r e  5 6 ) .  Thus s u l f u r  a l l o w s  
i n c r e a s e d  sp£  h y b r i d i z a t i o n ,  and a  c o r r e s p o n d i n g  i n c r e a s e
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21 fii n  o v e r l a p  o f  t h e  p - o r b i t a l s  i n  t h e  tt- s y s te m .  T h is
p r o p o s a l  a c c o u n t s  f o r  t h e  i n c r e a s e d  a r o m a t i c i t y  o f  t h e
s u l f u r  h e t e r o c y c l e s , and does  n o t  c o n t r a d i c t  o u r  p r o p o s a l
on th e  a b i l i t y  o f  s u l f u r  t o  s t a b i l i z e  a  c a r b e n e  by
d e c r e a s e d  r e s o n a n t  e l e c t r o n  c o n t r i b u t i o n .
The l a s t  s u b j e c t  w h ic h  m u st b e  d i s c u s s e d  i s  t h e
q u e s t i o n  o f  t h e  r e s o n a n c e  e q u i v a l e n c e  o f  t h e  c a r b e n e  and
y l i d e .  O lo f s o n ,  e t  a l , B r e s l o w ,  e t  a l , ' * ' ^  an d  H aake,
131e t  a l , s u g g e s t  t h a t  t h e  c a r b e n e  i s  a  r e s o n a n c e  c o n t r i ­
b u t o r  t o  t h e  a r o m a t i c  y l i d e ,  b u t  t h a t  t h e  y l i d e  i s  t h e  
p r e d o m in a n t  r e s o n a n c e  s t r u c t u r e .  I n  c o n t r a s t ,  t h e o r e t i c a l  
m o l e c u l a r  o r b i t a l  c a l c u l a t i o n s  p u b l i s h e d  b y  In g ra h a m  and
S o re n so n  s u g g e s t  t h a t  t h e  m a jo r  c o n t r i b u t o r  i s  t h e  c a r -  
153b e n e .  H ow ever, V o r s a n g e r  h a s  d e t e c t e d  an  e s r  s p e c t ru m
187r e p r e s e n t i n g  t h e  t r i p l e t  c a r b e n e  o f  b e n z o t h i a z o l i u m  5,
Lamal and  Kiwano h a v e  d e t e c t e d  an  e s r  s p e c t ru m  r e p r e s e n t -
190i n g  t h e  t r i p l e t  c a r b e n e  o f  d i p h e n y l i m i d a z o l i n iu m  io n ,  
and  we h a v e  d e t e c t e d  s i m i l a r  e s r  s p e c t r a  r e p r e s e n t i n g  t h e
t r i p l e t  c a r b e n e s  i n  t h e  d e p r o t o n a t i o n  o f  t h i a z o l i u m  s a l t s
22310 and  18, an d  t h i a m i n e .  O b v io u s ly ,  t h e  y l i d e  c a n n o t  be 
a r e s o n a n c e  c o n t r i b u t o r  t o  t h e  t r i p l e t  c a r b e n e - - t h e  t r i p l e t  
i s  a n t i - a r o m a t i c  ( s e v e n  e l e c t r o n s  i n  a it- s y s te m )  ( F ig u r e  
57 , p a g e  1 7 7 ) .  We s u g g e s t  t h a t  d e p r o t o n a t i o n  b r e a k s  t h e  
a r o m a t i c i t y  o f  t h e  t h i a z o l i u m  r i n g ,  p r i m a r i l y  b e c a u s e  t h e  
c a r b e n e  p - o r b i t a l  t e n d s  t o  r e m a in  e m p t y - - t h i s  em pty  p -  
o r b i t a l  c a n  a c c e p t  a  s i n g l e  e l e c t r o n  from  th e  e l e c t r o n
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p a i r  o f  t h e  s i n g l e t  c a r b e n e  i n  i t s  c o n v e r s i o n  t o  t h e  
t r i p l e t  ( F ig u r e  5 7 ) ,  b u t  c a n n o t  a c c e p t  an  e l e c t r o n  p a i r  
a s  r e q u i r e d  by  c a n o n i c a l  r e s o n a n c e  s t r u c t u r e s  o f  an  
a r o m a t ic  r i n g .  S e c o n d ly ,  o u r  r e s u l t s  on t h e  r a t e  o f  
e x c h a n g e  o f  s a l t s  and  1 0  i n d i c a t e  t h a t  t h e  d e p r o t o n a t e d  
i n t e r m e d i a t e  i s  s t a b i l i z e d  by  a  r e s o n a n c e  e f f e c t .  I n  c o n ­
t r a s t ,  O lo f s o n ,  e t  a l , ^ ® ^ ’ ^ ^  an d  E l v i d g e ,  e t  a l , ^ ^  s u g ­
g e s t  t h a t  t h e  p r im a r y  f a c t o r s  s t a b i l i z i n g  an y l i d e  a r e  
i n d u c t i v e  and  e l e c t r o s t a t i c - - t h u s , t h e  c a r b e n e  an d  y l i d e  
c a n  b e  d i f f e r e n t i a t e d  b a s e d  on s u b s t i t u e n t  e f f e c t s .  A d d i­
t i o n a l l y ,  t h e  l o s s  o f  a r o m a t i c  r e s o n a n c e  on d e p r o t o n a t i o n  
may a l l o w  p u c k e r i n g  o f  t h e  s t r a i n e d  t h i a z o l i n y l  r i n g .  
T h e r e f o r e ,  we c o n c lu d e  t h a t  t h e  a r o m a t i c  y l i d e  s h o u ld  n o t  
b e  c o n s i d e r e d  a  t r u e  r e s o n a n c e  s t r u c t u r e  o f  t h e  n o n -  
a r o m a t i c  c a r b e n e .
Our a n a l y s i s  i s  c o n s i s t e n t  w i t h  r e s u l t s  on t h e  r a t e  o f  
h y d r o l y s i s  o f  N -m e th y lo x a z o l iu m  LXXVI, N - m e th y l th i a z o l iu m
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LXXIX and  d im e th y l im id a z o l iu m  LXXX ( F ig u r e  5 8 ) .  I n  t h e
h y d r o l y s i s  o f  t h e s e  h e t e r o c y c l e s ,  D u c lo s  and  Haake h av e
d e m o n s t r a t e d  t h a t  t h e  a d d i t i o n  o f  h y d r o x id e  t o  C-2 i s  t h e
r a t e - d e t e r m i n i n g  s t e p ,  and  t h i s  r a t e  d e c r e a s e s  i n  t h e  o r d e r
208shown i n  F i g u r e  58 . The r a t e  o f  C-2 H-D e x c h a n g e  o f
131t h e s e  h e t e r o c y c l e s ,  w h ic h  d e c r e a s e s  i n  t h e  same o r d e r ,  
t h u s  c o r r e l a t e s  w i t h  t h e  e a s e  o f  b r e a k i n g  t h e  a r o m a t ic  
r i n g .  T h is  d e c r e a s i n g  r a t e  o f  h y d r o l y s i s  i s  due t o  an
F ig u re  5 8
r a t e  o f  h y d r o ly s i s :  IXk ■ jX -  I X
LXXVII' LXXIX-r LXXX-r,
r a t e  o f e x c h a n g e  :
Xk ■ I X  ■ I X
i n c r e a s i n g  a b i l i t y  o f  t h e  s e c o n d  h e t e r o a t o m  t o  d o n a te  
e l e c t r o n  d e n s i t y  t o  t h e  e l e c t r o p o s i t i v e  C -2 , t h e  same f a c ­
t o r  w h ic h  d e s t a b i l i z e s  t h e  c a r b e n e  i n t e r m e d i a t e .
I n  i t s  r e a c t i o n  w i t h  a l d e h y d e s ,  t h e  c a r b e n e  o f  t h i a ­
z o l iu m  s a l t s  y i e l d s  n o n - a r o m a t i c  p r o d u c t s  s t r u c t u r a l l y
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s i m i l a r  t o  t h o s e  o b t a i n e d  i n  t h e  r e a c t i o n  o f  t h e  n u c l e o -  
p h i l i c  c a r b e n e s  o f  d i p h e n y l i m i d a z o l i n iu m  an d  d i t h i o l i u m  
s a l t s  ( s e e  I n t r o d u c t i o n ,  F i g u r e  25 , p a g e  3 9 ,  and  F i g u r e  
3 1 , p a g e  4 6 ) .  When 3 , 4 - d i m e t h y l - 5 - c a r b e t h o x y t h i a z o l i u m  
i o d i d e  7. was r e f l u x e d  w i t h  b e n z a ld e h y d e  i n  m e th a n o l  c o n ­
t a i n i n g  two e q u i v a l e n t s  o f  b a s e ,  2 - b e n z o y l - 3 , 4 - d i m e t h y l -  
5 - c a r b e t h o x y - 2 ( H ) - t h i a z o l i n e  22 was o b t a i n e d  i n  75% 
y i e l d  ( F ig u r e  5 9 ) .  A ls o  o b t a i n e d  i n  t h i s  r e a c t i o n  was a
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s m a l l  am ount o f  b e n z o in  w h ic h  was i d e n t i f i e d  by  nmr and  
t i c  a n a l y s i s  o f  t h e  r e a c t i o n  m i x t u r e .  B e n z o in ,  o f  c o u r s e ,  
i s  p ro d u c e d  by  t h e  s lo w  r e a c t i o n  o f  t h e  e n o l  i s o m e r  w i t h  
b e n z a ld e h y d e  f o l l o w e d  by  r e l e a s e  o f  t h e  c a r b e n e  LIX and  
b e n z o in  ( F i g u r e  5 9 ) .  A s i m i l a r  p r o d u c t ,  a c y l  d e r i v a t i v e  
2 3 , was o b t a i n e d  upon  r e a c t i o n  o f  N - m e th y l - b e n z o th i a z o l iu m  
i o d i d e  5 w i t h  b e n z a ld e h y d e  i n  t h e  p r e s e n c e  o f  t r i e t h y l a m i n e
180
( F ig u r e  6 0 ) . 125 We w ere  u n a b l e  t o  d e t e c t  b e n z o in  s y n t h e ­
s i s ,  b u t  W a n z l ic k  r e p o r t s  s m a l l  am ounts  o f  b e n z o in  p r o d u c ­
t i o n  i n  t h e  r e a c t i o n  o f  t h e  d im e r  o f  4 w i t h  b e n z a l d e -
I n  s t r o n g  a c i d  s o l u t i o n ,  k e t o n e  23 y i e l d e d  2 - ( l -  
h y d r o x y b e n z y l ) - 3 - m e t h y l - b e n z o t h i a z o l i u m  c h l o r i d e  24 i n  
957o y i e l d - - t h i s  r e a c t i o n  m u st p r o c e e d  v i a  p r o t o n a t i o n  o f  
t h e  e n o l  i s o m e r  ( F ig u r e  61 , p a g e  1 8 1 ) .  The c h e m i s t r y  o f  
t h i s  s a l t  d e m o n s t r a t e s  i t s  i n s t a b i l i t y .  I n  weak b a s e ,  
p y r i d i n e  f o r  ex a m p le ,  t h e  s a l t  r e l e a s e d  b e n z a ld e h y d e  w i t h  
p r o d u c t i o n  o f  3 - m e t h y l - b e n z o t h i a z o l i u r a  c h l o r i d e  4 .  How­
e v e r ,  i n  s t r o n g  b a s e ,  t r i e t h y l a m i n e  f o r  ex a m p le ,  t h e  
C-2a p r o t o n  i s  d e p r o t o n a t e d  t o  y i e l d ,  a f t e r  i s o m e r i z a ­
t i o n ,  t h e  s t a b l e  k e t o n e  23 . K e to n e  22 ( F ig u r e  50 , p a g e
2 po
165) shows a n a l a g o u s  b e h a v i o r  i n  a c i d i c  s o l u t i o n .  T h is  
c h e m i s t r y  d e m o n s t r a t e s  t h a t  t h e  n o n - a r o m a t i c  k e t o n e - e n o l  
i s o m e r s  22 and  23 a r e  t h e  s t a b l e  a d d i t i o n  p r o d u c t s  i n  t h e  
r e a c t i o n  o f  t h e  c a r b e n e s  o f  5̂  and  7_ w i t h  a l d e h y d e s ;  t h e  
2 - ( 1 - h y d r o x y a l k y l )  s a l t  24 i s  o b t a i n e d  o n l y  u n d e r  a c i d i c  
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We p r o p o s e ,  i n  a n a lo g y  w i t h  t h e  c a r b e n e  r e a c t i v i t y  
o f  s a l t s  5 an d  7_, t h a t  t h e  r e a c t i o n  o f  t h e  t h i a m i n e  c a r b e n e  
w i t h  a ld e h y d e s  y i e l d s  t h e  n o n - a r o m a t i c  k e t o n e - e n o l  a d d i t i o n  
p r o d u c t s  LXXXXX d i r e c t l y  ( F ig u r e  62 , p a g e  1 8 2 ) - - i n  f a c t ,  
t h e  p r o d u c t s  w h ic h  c a n  b e  i s o l a t e d  r e f l e c t  t h e  r e a c t i v i ­
t i e s  o f  t h e s e  i s o m e r s . When t h i a m i n e  h y d r o c h l o r i d e  was 
s u s p e n d e d  i n  DMF i n  t h e  p r e s e n c e  o f  b e n z a ld e h y d e  and  
I^CO^, HBT k e t o n e  3 a n d  b e n z o in  w e re  p r o d u c e d  i n  58% and  
40% y i e l d ,  r e s p e c t i v e l y .  B e n z o in  i s  p r o d u c e d  by t h e  r e a c ­
t i o n  o f  t h e  e n o l  i s o m e r  w i t h  a  s e c o n d  b e n z a ld e h y d e  f o l lo w e d  
by a  f a s t  s t e p  i n v o l v i n g  r e l e a s e  o f  t h e  t h i a m in e  c a r b e n e
182
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( t h i s  s t e p  w i l l  be  d i s c u s s e d  more f u l l y  on  p ag e  1 9 6 ) .  The 
k e to n e  i s o m e r ,  h o w ev e r ,  c l o s e s  t o  t h e  th e r m o d y n a m ic a l ly  
s t a b l e  N . O - k e t a l ,  HBT k e t o n e  3 .  As was t h e  c a s e  w i t h  t h e  
th i a m in e  d im e r ,  t h i s  c l o s u r e  r e l e a s e s  t h e  s t e r i c  s t r a i n  i n  
t h e  p l a n a r  - N - C = C - S - t h i a z o l i n e  r i n g .  A p p a r e n t l y  HCO^" g e n ­
e r a t e d  i n  t h i s  r e a c t i o n  c a t a l y z e s  t h e  c l o s u r e  t o  t h i s  
k e t a l .  S i m i l a r l y ,  when 2 - ( 1 - h y d r o x y e t h y l ) - t h i a m i n e  h y d r o ­
c h l o r i d e  1̂ was s u s p e n d e d  i n  DMF w i t h  two e q u i v a l e n t s  o f
K2 CO3 , HET k e t o n e  4 was p ro d u c e d  i n  657» y i e l d  ( F ig u r e  63 , 
179 183p ag e  1 8 4 ) .  ' T h is  c o n v e r s i o n  m u st i n v o l v e  b o t h  d i r e c t
d e p r o t o n a t i o n  o f  t h e  C -2a p r o t o n  (H ) t o  t h e  e n o l - k e t o n ea
180m i x t u r e  LXXXIX a n d ,  a s  a r g u e d  by  J u n g k ,  a ld e h y d e  r e l e a s e  
f o l l o w e d  by r e c a p t u r e  o f  a c e t a l d e h y d e  by  t h e  t h i a m in e  c a r -  
b e n e  t o  t h e  s t a b l e  c a r b e n e  a d d i t i o n  p r o d u c t s  LXXXIX- - i n  
e i t h e r  c a s e ,  c l o s u r e  o f  t h e  N , 0 - k e t a l  o f  LXXXIX ( k e to n e )  
y i e l d s  t h e  t h e r m o d y n a m ic a l ly  s t a b l e  t h i a z o l i d i n e  HET 
k e to n e  4 .
Our c o n c l u s i o n  t h a t  t h e  a d d i t i o n  p r o d u c t  o f  t h i a m in e
t o  a ld e h y d e s  i s  t h e  n o n - a r o m a t i c  c a r b e n e  a d d i t i o n  p r o d u c t
LXXXIX ( e n o l  an d  k e t o n e )  c o n t r a s t s  w i t h  t h e  c o n c l u s i o n s
o f  o t h e r  i n v e s t i g a t o r s .  B re s lo w  f i r s t  s u g g e s t e d  t h a t
t h e  y l i d e  i n t e r m e d i a t e  r e a c t s  w i t h  a ld e h y d e s  t o  y i e l d  t h e
u n s t a b l e  2 - ( 1 - h y d r o x y a l k y l ) - t h i a z o l i u m  s a l t s  d i r e c t l y  ( s e e
105I n t r o d u c t i o n ,  p a g e  2 7 ) .  I n  t h e  e x t r e m e ,  Takam izaw a,
e t  a l ,  h a v e  s u g g e s t e d  t h a t  when a c y l  p r o d u c t s  a r e  o b t a i n e d  
t h e n  t h e  c a r b e n e  i s  t h e  r e a c t i v e  i n t e r m e d i a t e ,  w h e re a s  
when t h e  2 - ( 1 - h y d r o x y a l k y l )  s a l t s  a r e  t h e  i s o l a t e d  p r o d u c t s
184
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184th e n  t h e  y l i d e  i s  t h e  r e a c t i v e  i n t e r m e d i a t e .  However,
218C ro sb y  an d  L i e n h a r d  a r g u e  t h a t  t h e  r e a c t i o n  o f  t h e  
d e p r o t o n a t e d  i n t e r m e d i a t e  w i t h  a ld e h y d e s  i s  e s s e n t i a l l y  
i n d e p e n d e n t  o f  s o l v e n t ,  and  F i g u r e  63 d e m o n s t r a t e s  t h a t  
t h e s e  d e r i v a t i v e s  a r e ,  i n  f a c t ,  i n t e r c o n v e r t i b l e .  Thus 
we s u g g e s t  t h a t  u n d e r  a l l  c o n d i t i o n s  t h e  r e a c t i v e  d e p r o ­
t o n a t e d  i n t e r m e d i a t e  i s  t h e  c a r b e n e ,  an d  t h a t  t h e  c a r b e n e  
r e a c t s  w i t h  a ld e h y d e s  t o  y i e l d  t h e  n o n - a r o m a t i c  e n o l -  
k e t o n e  i s o m e r s  LXXXIX d i r e c t l y - - t h e  u n s t a b l e  a r o m a t i c  
2 - h y d r o x y a l k y l - t h i a z o l i u m  s a l t s  a r e  o b t a i n e d  o n l y  u n d e r  




Our p r o p o s a l  s u g g e s t s  t h a t  t h e  2 - h y d r o x y a l k y l - t h i a -
z o l iu m  s a l t s  a r e  u n s t a b l e - - t h i s  i n s t a b i l i t y  was f i r s t
s u g g e s t e d  by  B re s lo w  i n  h i s  d e m o n s t r a t i o n  t h a t  2 -h y d ro x y -
b e n z y l - 3 - m e t h y l t h i a z o l i u m  b ro m id e  r e l e a s e s  b e n z a ld e h y d e
i n  t h e  weak b a s e  p y r i d i n e  ( s e e  I n t r o d u c t i o n ,  F i g u r e  18,
p a g e  2 9 ) . ^ ^  We a t t r i b u t e  t h i s  i n s t a b i l i t y  t o  two f a c -
21 9-221t o r s :  1) t h e  p a r t i a l  p o s i t i v e  c h a r g e  a t  C-2 and
t h e  f o rm a l  p o s i t i v e  c h a r g e  on n i t r o g e n ,  and  2 ) t h e  s t e r i c  
i n t e r a c t i o n  b e tw e e n  t h e  C-2 and  N-3 a l k y l  s u b s t i t u ­
e n t s .  ^ 2  T h e se  i n t e r a c t i o n s  c a n  be  r e l i e v e d  i n  s t r o n g  
b a s e  by a d d i t i o n  o f  h y d r o x id e  t o  C-2 ( e q u a t i o n  i ,  F i g u r e
64, p a g e  186) o r  b y  d e p r o t o n a t i o n  o f  t h e  C-2<* p r o t o n
224( e q u a t i o n  i i ,  F i g u r e  6 4 ) .  H ow ever, i n  weak 
b a s e ,  s u c h  a s  p y r i d i n e ,  t h e  e q u i l i b r i u m  w i l l  l i e  t o  t h e  
h y d r o x y a l k y l - t h i a z o l i u m  s a l t  s i n c e  t h e  c o n j u g a t e  a c i d ,  
p y r i d i n i u m  HC1, c a n  p r o t o n a t e  e n o l  LXXXIX ( e q u a t i o n  i i i ,  
F i g u r e  6 4 ) .  U nder t h e s e  m ore a c i d i c  c o n d i t i o n s ,  t h e  
d e s t a b i l i z i n g  i n t e r a c t i o n s  a r e  r e l i e v e d  by  r e l e a s e  o f  t h e  
C - 2 - h y d r o x y a lk y l  s u b s t i t u e n t  t o  t h e  c o r r e s p o n d i n g  a ld e h y d e  
a n d  t h e  c a r b e n e  o f  t h e  t h i a z o l i u m  s a l t .  I n  e a c h  o f  t h e s e  
t h r e e  c a s e s - - a d d i t i o n  o f  h y d r o x id e  t o  C -2 , d e p r o t o n a t i o n  
o f  th e  C-2» p r o t o n ,  o r  r e l e a s e  o f  t h e  C-2 s u b s t i t u e n t - -  
t h e  a r o m a t i c  r i n g  o f  t h e  t h i a z o l i u m  s a l t  i s  l o s t ,  b u t  t h i s  
l o s s  o f  a r o m a t i c i t y  i s  c o m p e n sa te d  f o r  by r e l e a s e  o f  t h e  
p o s i t i v e  c h a r g e  on n i t r o g e n  and  r e l e a s e  o f  t h e  s t r o n g
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s t e r i c  i n t e r a c t i o n  b e tw e e n  t h e  C-2 and  t h e  N-3 a l k y l  s u b ­
s t i t u e n t s  .
Our a n a l y s i s  on  t h e  i n s t a b i l i t y  o f  t h e  2 - h y d r o x y a lk y l  
t h i a z o l i u m  s a l t s  i s  p o i g n a n t l y  d e m o n s t r a t e d  by  th e  b e h a v i o r  
o f  HET 1̂  i n  b a s i c  s o l u t i o n .  I n  aq u eo u s  s o l u t i o n  i n  t h e  
p r e s e n c e  o f  two e q u i v a l e n t s  o f  sod ium  h y d r o x id e ,  50% o f  HET 
decom posed t o  t h e  f r e e - t h i o l  fo rm  25 (N o te  t h a t  t h e  f i r s t  
e q u i v a l e n t  o f  so d iu m  h y d r o x id e  n e u t r a l i z e s  t h e  h y d r o c h l o ­
r i d e  s a l t  o f  t h e  p y r i m i d i n y l  g r o u p ) . T h is  r e a c t i o n  
i n v o l v e s  f i r s t  a d d i t i o n  o f  h y d r o x id e  t o  C-2 y i e l d i n g  
p s e u d o - b a s e  XC ( e q u a t i o n  i ,  F i g u r e  6 4 ) ,  f o l l o w e d  by a  f a s t  
d e p r o t o n a t i o n  by  a  s e c o n d  h y d r o x id e  t o  t h e  f r e e - t h i o l  fo rm  
25 . When a  t h i r d  e q u i v a l e n t  o f  h y d r o x id e  i s  ad d e d ,  t h e  
s e c o n d  h a l f  o f  HET decom posed  t o  t h e  f r e e  t h i o l  fo rm . T h is  
c o n c l u s i o n  i s  s u p p o r t e d  by  b o t h  t h e  uv  and  nmr s p e c t r a  o f  
HET i n  b o t h  two and  t h r e e  e q u i v a l e n t s  o f  sod ium  h y d r o x id e .
Oka, e t  a l ,  d e m o n s t r a t e d  t h a t  HBT 3 shows i d e n t i c a l  b e h a v -
225i o r  i n  a q u e o u s  b a s i c  s o l u t i o n .
I n  n o n - h y d r o x y l i c  b a s i c  s o l u t i o n  t h e  b e h a v i o r  o f  HET 1 
was much d i f f e r e n t .  The f i r s t  e q u i v a l e n t  o f  sod ium  e t h o x -  
i d e  n e u t r a l i z e d  t h e  h y d r o c h l o r i d e  s a l t ,  w h e re a s  t h e  se c o n d  
e q u i v a l e n t  o f  sod ium  e t h o x i d e  l e d  t o  c o m p le te  l o s s  o f  t h e  
a r o m a t i c  t h i a z o l i u m  r i n g  ( e x p e r im e n t  2 9 ) .  T h is  l o s s  o f  
a r o m a t i c i t y  c a n  b e  e x p l a i n e d  by  b o t h  1) C -2a d e p r o t o n a t i o n  
t o  t h e  e n o l - k e t o n e  m i x t u r e  LXXXIX ( F i g u r e  64 , e q u a t i o n  i i )  
and  2) t h e  f a s t  a d d i t i o n  o f  t h e  p y r im id in e - a m in o  t o  C-2 
f o l l o w e d  by  d e p r o t o n a t i o n  t o  t h e  t r i c y c l i c  d e r i v a t i v e  XCII
188
( F ig u r e  64 , e q u a t i o n  i v  ) .  I n  f a c t ,  t h e s e  d e r i v a t i v e s  a r e  
i n t e r c o n v e r t i b l e ,  and  t h e  u v  s p e c t ru m  5 o f  HET h y d r o c h l o ­
r i d e  i n  two e q u i v a l e n t s  o f  so d iu m  e t h o x i d e  and  u v  s p e c t r u m  
7 o f  t h e  R i s i n g e r  p r e p a r a t i o n  p r o b a b l y  r e f l e c t  t h e  uv 
a b s o r b a n c e  o f  LXXXIX e n o l  and  k e t o n e  an d  X C II . N e v e r t h e ­
l e s s ,  t h i s  l o s s  o f  a r o m a t i c i t y  d e m o n s t r a t e s  t h e  i n s t a b i l i t y  
o f  2 - ( 1 - h y d r o x y e t h y l ) t h i a m i n e  s a l t  u n d e r  t h e  c o n d i t i o n s  o f  
t h e  R i s i n g e r  p r e p a r a t i o n .  The i n s t a b i l i t y  o f  2 - ( 1 -h y d r o x y ­
e t h y l )  t h i a z o l i u m  s a l t s  h a s  a l s o  b e e n  o b s e r v e d  by  C ro sb y  and
L i e n h a r d ,  b u t  t h e y  d i d  n o t  i n v e s t i g a t e  t h e  i d e n t i t y  o f  t h e
2 1 8d e c o m p o s i t io n  p r o d u c t s .
1 7 9K a r im ia n  h a s  shown t h a t  2 - ( 1 - h y d r o x y e t h y l ) t h i a m i n e  
1  q u a n t i t a t i v e l y  r e l e a s e s  a c e t a l d e h y d e  i n  e t h a n o l  i n  t h e  
p r e s e n c e  o f  t h e  w eak b a s e  b i c a r b o n a t e ;  h o w ev er ,  1  i s  s y n ­
t h e s i z e d  i n  t h e  R i s i n g e r  p r e p a r a t i o n  by  t h e  r e a c t i o n  o f  
a c e t a l d e h y d e  an d  t h i a m in e  h y d r o c h l o r i d e  i n  t h e  s t r o n g  b a s e  
sod ium  e t h o x i d e .  T h is  p u z z l i n g  b e h a v i o r  o f  HET— i t s  decom­
p o s i t i o n  i n  w eak b a s e  an d  s y n t h e s i s  i n  s t r o n g  b a s e — s u p ­
p o r t s  o u r  h y p o t h e s i s  t h a t  t h e  a d d i t i o n  o f  t h e  t h i a m in e  
c a r b e n e  t o  a ld e h y d e s  d o es  n o t  y i e l d  t h e  u n s t a b l e  2 - ( l -  
h y d r o x y e t h y l ) t h i a m i n e  s a l t  d i r e c t l y .  As i n  t h e  r e a c t i o n  
o f  t h e  t h i a m in e  c a r b e n e  w i t h  a ld e h y d e s  i n  DMF, t h e  k i n e t i c  
a d d i t i o n  p r o d u c t  i s  t h e  e n o l - k e t o n e  i s o m e r s  LXXXIX ( F ig u r e  
65 , e q u a t i o n  i ,  p a g e  1 8 9 ) ;  t h e  i n t e r m e d i a c y  o f  t h e  e n o l  
i s o m e r  i s  d e m o n s t r a t e d  by  i t s  r e a c t i o n  w i t h  a  s e c o n d  
a c e t a l d e h y d e  t o  fo rm  a c y l o i n  p r o d u c t s  ( F ig u r e  6 5 , e q u a t i o n
Figure 65
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i i ) . H owever, i n  t h e  R i s i n g e r  p r e p a r a t i o n ,  t h e  s lo w  
p r o t o n a t i o n  o f  LXXXIX e n o l  by e t h a n o l  i s  acco m p an ied  by 
c o n c e r t e d  a d d i t i o n  o f  t h e  p y r im id in e - a m in o  t o  C-2 y i e l d i n g  
t h e  t r i c y c l i c  i n t e r m e d i a t e  XCII ( F ig u r e  64 , e q u a t i o n  i i i ) . 
T h u s , t h e  r e l e a s e  o f  a c e t a l d e h y d e  i s  s lo w  i n  t h e  R i s i n g e r  
p r e p a r a t i o n  s i n c e  t h e  u n s t a b l e  2 - ( 1 - h y d r o x y e t h y l ) t h i a m i n e  
s a l t  does  n o t  e x i s t  i n  a p p r e c i a b l e  c o n c e n t r a t i o n .  I n  m ore 
a c i d i c  s o l u t i o n ,  p r o t o n a t i o n  o f  LXXXIX e n o l  o r  XCII 
r e g e n e r a t e s  t h e  2 - ( 1 - h y d r o x y e t h y l ) t h i a m i n e  i o n  w h ic h  c a n  
r e l e a s e  a c e t a l d e h y d e  ( F ig u r e  65 , e q u a t i o n  i v ) . A c e t a l d e ­
hyde  c a n  a l s o  be  r e l e a s e d  d i r e c t l y  f ro m  XCI w i t h  t h e  
p r o d u c t i o n  o f  t h e  t r i c y c l i c  b e t a i n e  LXXI ( F ig u r e  65, 
e q u a t i o n  v ) . Upon a c i d i f i c a t i o n  o f  t h e  r e a c t i o n  m i x t u r e  
w i t h  h y d ro g e n  c h l o r i d e ,  HET c h l o r i d e  h y d r o c h l o r i d e  _1 i s  
p r o d u c e d  by  p r o t o n a t i o n  o f  b o t h  LXXXIX e n o l  and  XCII 
( F ig u r e  65 , e q u a t i o n  v i ) .
A d d i t i o n a l l y ,  f o r m a t i o n  o f  t h e  t r i c y c l i c  i n t e r m e d i a t e  
XCII p r e c l u d e s  f o r m a t i o n  o f  HET k e to n e  4 u n d e r  t h e  c o n d i ­
t i o n s  o f  t h e  R i s i n g e r  p r e p a r a t i o n .  I n  t h e  m ore b a s i c  
a l c o h o l  s o l v e n t s  i s o p r o p a n o l  and  t e r t b u t a n o l ,  t h e  c l o s u r e  
o f  t h e  N , 0 - k e t a l  o f  LXXXIX k e to n e  i s  a p p a r e n t l y  c o m p e t i ­
t i v e  w i t h  f o r m a t i o n  o f  t h e  t r i c y c l i c  d e r i v a t i v e  X C II , and
237t h u s  HET k e t o n e  s y n t h e s i s  i s  o b s e r v e d .  U nder o u r  c o n ­
d i t i o n s  f o r  t h e  s y n t h e s i s  o f  HET k e t o n e  4 f ro m  HET 1 i n
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DMF ( F ig u r e  6 3 ) ,  p r o t o n a t i o n  o f  LXXXIX e n o l  t o  t h e  t r i ­
c y c l i c  i n t e r m e d i a t e  XCII i s  p r e c l u d e d  s i n c e  t h e r e  i s  no 
p r o t o n  s o u r c e  i n  s o l u t i o n ,  and  t h u s  c l o s u r e  o f  t h e  N ,0 -  
k e t a l  o f  LXXXIX k e t o n e  i s  c o m p e t i t i v e .
When th i a m i n e  h y d r o c h l o r i d e  was r e a c t e d  w i t h  b e n z a l -  
dehyde i n  two e q u i v a l e n t s  o f  so d iu m  e t h o x i d e  and  t h e  
s o l u t i o n  was a c i d i f i e d  a f t e r  30 m i n u t e s ,  HBT h y d r o c h l o r i d e  
was i s o l a t e d  i n  60% y i e l d .  H ow ever, when t h e  r e a c t i o n  
m i x t u r e  was n e u t r a l i z e d  a f t e r  f i v e  h o u r s ,  t h e  N , 0 - k e t a l  
p r o d u c t  4 and  b e n z o in  w e re  i s o l a t e d  i n  57% and  25% y i e l d ,  
r e s p e c t i v e l y .  T hus ,  a d d i t i o n  o f  t h e  t h i a m i n e  c a r b e n e  t o  
b e n z a ld e h y d e  y i e l d s  t h e  e n o l / k e t o n e  m i x t u r e  LXXXIX; HBT 
i s  p ro d u c e d  by  p r o t o n a t i o n  o f  LXXXIX e n o l  by h y d ro g e n  
c h l o r i d e  ( F ig u r e  65 , e q u a t i o n  v i ) , b e n z o in  i s  p r o d u c e d  by 
r e a c t i o n  o f  LXXXIX e n o l  w i t h  a  s e c o n d  b e n z a ld e h y d e  ( F ig u r e  
65 , e q u a t i o n  i i ) , and  HBT k e t o n e  i s  o b t a i n e d  by  c l o s u r e  o f  
t h e  N , 0 - k e t a l  o f  LXXXIX k e t o n e  ( F ig u r e  65 , e q u a t i o n  v i i ) . 
We p r o p o s e  t h a t  t h e  c a r b e n e  a d d i t i o n  p r o d u c t s  LXXXIX 
(R = p h e n y l )  a r e  t h e  k i n e t i c  and  th e rm o d y n a m ic  s t a b l e  
p r o d u c t s  s i n c e :  1) LXXXIX k e t o n e  i s  t h e  m ore s t a b l e  due
t o  t h e  i n c r e a s e d  s t e r i c  r e q u i r e m e n t  o f  t h e  p h e n y l  s u b s t i ­
t u e n t  i n  t h e  p l a n a r  e n o l  i s o m e r ,  2) LXXXIX e n o l  i s  c o n j u ­
g a t e d  w i t h  t h e  p h e n y l  r i n g  an d  i s  l e s s  b a s i c  com pared  to  
t h e  m e th y l  a n a l o g ,  a n d  3) t h e  t r a n s i t i o n  s t a t e  f o r  C-2c^ 
p r o t o n a t i o n  i s  s t e r i c a l l y  c row ded  due t o  t h e  b u l k  o f  t h e  
p h e n y l  s u b s t i t u e n t .
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229 230S i g n i f i c a n t l y ,  C ro sb y ,  e t  a l ,  r e v i e w  e v id e n c e  ' 
s u g g e s t i n g  t h a t  t h e  a c t i v e  s i t e  o f  c a r b o x y l a s e  i s  h y d r o -  
p h o b i c ,  an d  p r o p o s e  t h a t  t h i s  h y d r o p h o b i c i t y  a c c o u n t s  f o r  
t h e  i n c r e a s e  i n  e n z y m a t ic  c a t a l y s i s  r e l a t i v e  t o  n o n -  
e n z y m a t ic  m odel s y s t e m s . j n  t h e i r  m odel s y s te m  u t i l i z ­
i n g  e t h a n o l  a n d  d i m e t h y l s u l f o x i d e  a s  s o l v e n t s , t h e  r a t e  o f  
d e p r o t o n a t i o n  o f  t h i a z o l i u m  s a l t s , t h e  r a t e  o f  d e c a r b o x y ­
l a t i o n  o f  2 - ( 1 - h y d r o x y - l - c a r b o x y e t h y l ) - 3 , 4 - d i m e t h y l t h i a -  
z o l iu m  i o n  t o  t h e  e n o l ,  and  t h e  r a t e  o f  r e l e a s e  o f  a c e t a l ­
dehyde  f ro m  2 - ( 1 - h y d r o x y e t h y l ) - 3 , 4 - d i m e t h y l t h i a z o l i u m  a r e  
s i g n i f i c a n t l y  e n h a n c e d .  Thus t h e  c a r b e n e  an d  t h e  c a r b e n e
a d d i t i o n  p r o d u c t  LXXXIX a r e  s t a b i l i z e d  a t  t h e  a c t i v e  s i t e .
230 231A ls o ,  b i n d i n g  s t u d i e s  on t r a n s i t i o n  s t a t e  a n a l o g s  ’ 
s u g g e s t  t h a t  t h e  n o n - i o n i c  c a r b e n e  p r o d u c t s  LXXXIX e n o l  
an d  k e t o n e  a r e  t i g h t l y  b o u n d  t o  t h e  enzyme a c t i v e  s i t e .  
A p p a r e n t l y ,  o u r  c h e m ic a l  r e s u l t s  on  t h e  b e h a v i o r  o f  t h i a ­
m ine  i n  i t s  r e a c t i v i t y  w i t h  a ld e h y d e s  i n  e t h a n o l  m im ics  
t h e  a c t i v e  s i t e  c h e m i s t r y  o f  t h i a m i n e  p y r o p h o s p h a t e .
T h e se  s t u d i e s  on  t h e  s t r u c t u r e  o f  t h i a z o l i u m  s a l t s  
i n  b a s i c  s o l u t i o n  l e a d  u s  t o  p r o p o s e  a  new m echan ism  by  
w h ic h  t h e  c a r b e n e  ( r a t h e r  t h a n  t h e  y l i d e )  o f  t h i a z o l i u m  
s a l t s  r e a c t  w i t h  a l d e h y d e s .  By t h e  n a t u r e  o f  t h e  c a r b e n e  
i t  h a s  b o t h  e l e c t r o p h i l i c  (em pty  p - o r b i t a l )  an d  n u c l e o -  
p h i l i c  ( l o n e  e l e c t r o n  p a i r )  s i t e s  o f  r e a c t i v i t y .  I n  i t s
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r e a c t i v i t y  w i t h  a ld e h y d e s ,  b o t h  t h e s e  s i t e s  c a n  b e  s a t i s ­
f i e d  b y  1 - 2  a d d i t i o n  t o  y i e l d  t h e  e p o x id e  i n t e r m e d i a t e  
X C III  ( F i g u r e  6 6 , p a g e  1 9 5 ) .  As shown i n  e q u a t i o n  i i ,  
F i g u r e  6 6 , t h i s  e p o x id e  h a s  s e v e r a l  d i f f e r e n t  i s o m e r s - -  
n o t a b l y ,  t h e  b e t a i n e  XCIV h a s  b e e n  p r o p o s e d  a s  t h e  i n i t i a l
a d d i t i o n  p r o d u c t  o f  i m i d a z o l i d i n y l ^ ®  an d  d i t h i o l y l ^ ^ '
2 2 7c a r b e n e s ,  an d  t h e  t h i a z o l y l  y l i d e  t o  a l d e h y d e s .  T h is  
e p o x id e  i n t e r m e d i a t e  c a n  decom pose to  t h e  s t a b l e  n o n -  
a r o m a t i c  k e t o n e / e n o l  i s o m e r s  by  h y d r i d e  t r a n s f e r  ( e q u a t i o n  
i i i ,  F i g u r e  6 6 ) o r  C-2a d e p r o t o n a t i o n  ( e q u a t i o n  i v ,  F i g u r e  
6 6 ) - - t h i s  m echan ism  a v o id s  t h e  u n s t a b l e  2 - ( 1 - h y d r o x y a l k y l ) -  
t h i a z o l i u m  s a l t s .  U n f o r t u n a t e l y ,  u n d e r  t h e  c o n d i t i o n s  o f  
s y n t h e s i s  o f  k e t o n e s  ,22 an d  2 3 , t h e  e x c h a n g e  o f  t h e  C-2 
h y d ro g e n s  o f  t h e  k e t o n e s  i n  CDgOD w i t h  s o l v e n t  d e u te r iu m  
i s  f a s t e r  t h a n  t h e  r a t e  o f  k e t o n e  s y n t h e s i s — t h u s  t h e  two 
m echan ism s c a n n o t  b e  d i f f e r e n t i a t e d  b y  s im p le  nmr t e c h ­
n i q u e s .  223 D e p r o t o n a t i o n  ( e q u a t i o n  i i i ,  F i g u r e  65) an d  
h y d r i d e  t r a n s f e r  ( e q u a t i o n  i v ,  F i g u r e  6 6 ) h a v e  a l s o  b e e n  
p r o p o s e d  a s  t h e  m echan ism  o f  a d d i t i o n  o f  d i p h e n y l i m i -  
d a z o l i d i n y l ,  and  b e n z o t h i a z o l y l ^ - *  and  d i t h i o l y l ^ ^ ’ 
c a r b e n e s ,  r e s p e c t i v e l y ,  t o  a l d e h y d e s .
Our m echan ism  o f  1 -2  a d d i t i o n  o f  t h i a z o l y l  c a r b e n e s  
t o  a ld e h y d e s  a l s o  s u g g e s t s  a  r e a s o n  f o r  t h e  i n a b i l i t y  o f  
c a r b e n e s  t o  r e a c t  n o r m a l l y  w i t h  a , $ - u n s a t u r a t e d  a l d e h y d e s .  
K a r im ia n  h a s  r e p o r t e d  t h a t  t h e  r e a c t i o n  o f  t h i a m i n e  w i t h  
c i t r a l  and  c in n a m a ld e h y d e  u n d e r  t h e  c o n d i t i o n s  o f  t h e
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179R i s i n g e r  p r e p a r a t i o n  y i e l d s  an  " i n t r a c t a b l e  m a s s . "  We 
s u g g e s t  t h a t  t h e  c a r b e n e s  o f  t h i a z o l i u m  s a l t s  r e a c t  by
1 - 4 ,  r a t h e r  t h a n  1 - 2 ,  a d d i t i o n  t o  <*,B - u n s a t u r a t e d  a l d e ­
h y d es  ( F ig u r e  6 7 ) .  T h is  1 -4  a d d i t i o n  may b e  p r e f e r r e d
F igu re  6 7
# r V ° Et 
LIX
s i n c e  t h e  r e s u l t a n t  s p i r a n e  a d d i t i o n  p r o d u c t  i s  l e s s  
s t r a i n e d  th a n  t h e  i n t e r m e d i a t e  e p o x id e  fo rm e d  by  1 - 2  a d d i ­
t i o n .  A l th o u g h  we h a v e  t e n t a t i v e  e x p e r i m e n t a l  e v id e n c e  
f o r  t h i s  mode o f  a d d i t i o n  o f  t h i a z o l y l  c a r b e n e  LIX an d
c in n a m a ld e h y d e ,  t h e  r e s u l t a n t  compound was e x t r e m e l y
223u n s t a b l e  an d  i m p o s s i b l e  t o  i s o l a t e .
H av ing  h y p o t h e s i z e d  a new m echan ism  o f  a d d i t i o n  o f  t h e  
t h i a z o l y l  c a r b e n e  t o  a ld e h y d e s  t o  y i e l d  n o n - a r o m a t i c  p r o d ­
u c t s ,  we c a n  n e x t  a p p r o a c h  t h e  s e c o n d  s t e p  o f  t h e  a c y l o i n  
c o n d e n s a t i o n ,  t h e  r e a c t i o n  o f  t h e  e n o l  i s o m e r  w i t h  a  
s e c o n d  a ld e h y d e  t o  p r o d u c e  a c y l o i n  p r o d u c t s .  (F o r  r e v ie w  
o f  t h e  a c y l o i n  c o n d e n s a t i o n ,  s e e  F i g u r e  73 , p ag e  2 0 4 . )
Two o b s e r v a t i o n s  a r e  r e l e v a n t  t o  t h i s  d i s c u s s i o n .  F i r s t ,  
u n d e r  o u r  c o n d i t i o n s  i n  e t h a n o l  a n d  DMF, t h e r e  i s  a  s i g ­
n i f i c a n t  b u i l d u p  o f  t h e  e n o l - k e t o n e  i s o m e r s  LXXXIX i n  t h e
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s y n t h e s i s  o f  b o t h  HET 1̂ an d  HBT 2 - - th u s  t h e  r e a c t i o n  o f  
t h e  e n e a m in e  m u s t  be  t h e  o v e r a l l  r a t e - d e t e r m i n i n g  s t e p  o f
1 1 q  0 ^ 2
t h e  a c y l o i n  c o n d e n s a t i o n .  ' S e c o n d ly ,  o f  t h e  e n o l -
k e to n e  i s o m e r s ,  t h e  k e to n e  is o m e r  s h o u ld  be t h e  m ore 
s t a b l e :  1 ) i n  t h e  e n o l  i s o m e r  t h e r e  i s  a  s t r o n g  s t e r i c
i n t e r a c t i o n  b e tw e e n  t h e  C -2“ c i s  s u b s t i t u e n t  an d  t h e  
N - a l k y l  g ro u p  a n d  2) t h e  C-2 c a r b o n  o f  t h e  k e t o n e  i so m e r  
i s  sp^  h y b r i d i z e d ,  t h e  i d e a l  a n g le  f o r  a  f iv e -m e m b e re d  
r i n g .  The e n o l  i s o m e r ,  h o w e v e r ,  i s  a l s o  an  e n e a m in e ,  and  
i s  s t a b i l i z e d  b y  s i g n i f i c a n t  e l e c t r o n  r e l e a s e  o n to  t h e  
C - 2 “ c a r b o n .
The r e a c t i v i t y  o f  t h e  e n o l  i s o m e r  w i l l  b e  s t r o n g l y  
d e p e n d e n t  on t h i s  n e e d  f o r  e l e c t r o n  r e l e a s e  o n to  t h e  C -2“ 
c a r b o n .  I n  t h e  t h i a z o l i n e  s y s te m  o f  LXXXIX ( F ig u r e  6 8 , 
p a g e  1 9 8 ) ,  t h e  c y c l i c  S-C=C-N s y s te m  h a s  a  h ig h  e l e c t r o n  
d e n s i t y ;  t h e  l o n e  p a i r  o f  e l e c t r o n s  on n i t r o g e n  a r e  s i g ­
n i f i c a n t l y  d e l o c a l i z e d  o n to  t h e  C -2a c a r b o n  ( F ig u r e  6 8 ) .  
The s lo w  r e a c t i o n  o f  t h i s  e n o l  w i t h  a  s e c o n d  a ld e h y d e  
r e s u l t s  i n  an  u n s t a b l e  a r o m a t i c  d e r i v a t i v e  w h ic h  m u s t  b e  
s t a b i l i z e d  b y  c o n c e r t e d  p r o t o n  t r a n s f e r  t o  t h e  more 
b a s i c  C-23 o x y g en  t o  y i e l d  b e t a i n e  XCV. B e t a i n e  XCV 
t h e n  r e l e a s e s  t h e  a c y l o i n  p r o d u c t  and  t h e  c a r b e n e  i n  a  
s u b s e q u e n t  f a s t  s t e p  ( F ig u r e  6 8 ) .  I n  c o n t r a s t  t o  t h e  
r e a c t i v i t y  o f  t h e  e n o l  i s o m e r  LXXXIX o f  t h i a m i n e ,  t h e  
c a r b e n e  a d d i t i o n  p r o d u c t s  22 ( F i g u r e  59) an d  23 ( F i g u r e  60) 
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t h e s e  c a s e s ,  t h e  e l e c t r o n  p a i r  o f  n i t r o g e n  i n  t h e  t h i a -  
z o l i n e  s y s te m s  i s  s i g n i f i c a n t l y  d e l o c a l i z e d  i n t o  t h e  
c a r b e t h o x y  g ro u p  and  t h e  b e n z e n e  r i n g ,  r e s p e c t i v e l y .  T h is  
d e l o c a l i z a t i o n  i n c r e a s e s  t h e  s t a b i l i t y  o f  t h e  e n o l  i s o m e r ;  
d e l o c a l i z a t i o n  o f  t h e  n i t r o g e n  e l e c t r o n s  d e c r e a s e s  t h e  
n u c l e o p h i l i c i t y  o f  t h e  e n o l  and  th u s  t h e s e  c a r b e n e  a d d i t i o n  
p r o d u c t s  g i v e  a  low y i e l d  o f  a c y l o i n  c o n d e n s a t i o n  p r o d u c t s .
We h y p o t h e s i z e  t h a t  t h e  a m in o - p y r i m i d i n y l  g ro u p  o f  
t h i a m i n e  a l s o  c a t a l y z e s  t h i s  s e c o n d  h a l f  o f  t h e  a c y l o i n  
c o n d e n s a t i o n .  The r e a c t i o n  o f  LXXXIX ( e n o l )  w i t h  a  se c o n d
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a ld e h y d e  r e s u l t s  i n  t h e  u n s t a b l e  2 - a c y l o i n  d e r i v a t i v e  
XCV ( F ig u r e  6 9 ) .  I n s t a b i l i t y  o f  t h i s  a r o m a t i c  d e r i v a t i v e  
i s  due to  b o t h  t h e  p a r t i a l  p o s i t i v e  c h a r g e  on  C-2 and  th e  
f o rm a l  p o s i t i v e  c h a r g e  on n i t r o g e n ,  an d  t h e  s t r o n g  s t e r i c  
i n t e r a c t i o n  b e tw e e n  t h e  q u a t e r n a r y  C -2a c a r b o n  a n d  t h e
Figure 6 9
c o n certed
XCVI
LXXI
N - p y r im id y l  g r o u p ,  t h e  same f a c t o r s  w h ic h  d e s t a b i l i z e  t h e  
2 - ( 1 - h y d r o x y a l k y l ) - t h i a m i n e  s a l t s  1  and  2  i n  b a s i c  s o l u ­
t i o n .  As shown i n  F i g u r e  69 , t h e s e  s t r o n g  i n t e r a c t i o n s  
c a n  b e  r e l i e v e d  by  c o n c e r t e d  a d d i t i o n  o f  t h e  p y r i m i d i n e -  
amino t o  C-2 t o  y i e l d  t h e  t r i c y c l i c  b e t a i n e  XCVI; t h e
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a c y l o i n  p r o d u c t  i s  s u b s e q u e n t l y  r e l e a s e d  i n  a  f a s t  s t e p  
f rom  XCVI w i t h  p r o d u c t i o n  o f  t h e  t r i c y c l i c  b e t a i n e  LXXI. 
Thus t h e  p y r im id in e - a m in o  g ro u p  i s  a  n u c l e o p h i l i c  c a t a l y s t  
w h ich  c a t a l y z e s  t h e  a p p a r e n t  s lo w  s t e p  i n  t h e  a c y l o i n  c o n ­
d e n s a t i o n  by  a v o i d i n g  t h e  h i g h  e n e r g y  a r o m a t i c  i n t e r m e d i a t e  
XCV. A ls o ,  by t r a n s f e r r i n g  t h e  p o s i t i v e  c h a r g e  f rom  t h e  
C-2 p o s i t i o n  t o  t h e  p y r i m i d i n e  am ino , t h e  r e a c t i o n  p o t e n ­
t i a l  i s  c h a n g e d  f ro m  e n o l  f o r m a t i o n  t o  r e l e a s e  o f  t h e  C-2 
s u b s t i t u e n t .
Our h y p o t h e s i s  f o r  t h i s  f u n c t i o n  o f  t h e  p y r i m i d i n e -  
am ino g ro u p  i n  t h i a m i n e  c a t a l y s i s  i s  s u p p o r t e d  by c i r c u m ­
s t a n t i a l  e v i d e n c e .  C a te ,  e t  a l ,  h a s  shown t h a t  t h e  r e a c ­
t i o n  o f  t h e  e n o l  LXXXIX w i t h  l i p o i c  a c i d  ( F ig u r e  70) i s  
t h e  r a t e  d e t e r m in i n g  s t e p  o f  t h e  p y r u v a t e  d e h y d ro g e n a s e
F ig u re  7 0
ICH2 )4 C 0 N H -E n z
r O PPi <___± r
p p .





233c a t a l y z e d  d e c a r b o x y l a t i o n  o f  p y r u v a t e  t o  a c e t y l  CoA. J  
I n  m odel s y s te m  s t u d i e s ,  R a s t e t t e r  i n d i r e c t l y  s y n t h e s i z e d  
XCVII ( F ig u r e  7 1 ) ,  a n d  show ed t h a t  t h i s  compound r a p i d l y  
decom posed  a f t e r  b a s e  h y d r o l y s i s  t o  l i p o i c  a c i d  and  e n o l  
X C V III ; e n o l  IC d o e s  n o t  r e a c t  w i t h  l i p o i c  a c i d  w i t h
F i g u r e  71
i c h 2 )4 c o o c h 3
Ph
X C V I I - B F ^ :R  =CH3 C = R = H
* XCV :R=CH
R H ^ h — ^  +  s ^ (c „ 2 |4 c o 2 c h 3
iC : R=H
p r o d u c t i o n  o f  S - a c e t y l - l i p o i c  a c i d  an d  t h e  t h i a z o l y l
i a
y l i d e .  ’ They s u g g e s t  t h a t  a  c h a r g e - t r a n s f e r  com plex  
a t  t h e  a c t i v e  s i t e  o f  p y r u v a t e  d e h y d r o g e n a s e  c h a n g e s  t h e  
r e d u c t i o n  p o t e n t i a l  o f  C t o  f a v o r  r e l e a s e  o f  S - a c e t y l -  
d i h y d r o l i p o i c  a c i d  and  t h e  t h i a m i n e  y l i d e .  H ow ever, t h e i r  
m odel s y s te m  d i d  n o t  i n c l u d e  t h e  p y r i m i d i n y l  g ro u p  o f  
t h i a m i n e  an d  we p r o p o s e  t h a t  i t  i s  n u c l e o p h i l i c  c a t a l y s i s  
by  t h e  p y r i m i d i n y l  g ro u p  w h ic h  i s  R a s t e t t e r * s  c h a r g e  
t r a n s f e r  com plex . C o n c e r t e d  a d d i t i o n  o f  t h e  am ino g ro u p
2 0 2
t o  C-2 d u r i n g  t h e  r e a c t i o n  o f  LXXXIX ( e n o l )  w i t h  l i p o i c  
a c i d  ( F ig u r e  72) r e l e a s e s  t h e  p a r t i a l  p o s i t i v e  c h a r g e  an d  
t h e  s t e r i c  i n t e r a c t i o n  o f  t h e  C -2 , N-3 s u b s t i t u e n t s  a t  
C -2 , an d  t h e  o n l y  d r i v e  f o r  d e c o m p o s i t i o n  o f  C l i s  r e l e a s e  
o f  S - a c e t y l - d i h y d r o l i p o i c  a c i d  t o  t h e  t r i c y c l i c  fo rm  
LXXXVII. S e c o n d ly ,  S c h e l l e n b e r g e r  h a s  d e m o n s t r a t e d  t h a t
F i g u r e  72
o x y th ia m in e  b i n d s  t o  p y r u v a t e  d e c a r b o x y l a s e ,  r e a c t s  w i t h
p y r u v a t e  t o  y i e l d  t h e  a c t i v e  a l d e h y d e ,  b u t  t h i s  " a c t i v e
a ld e h y d e "  d o e s  n o t  r e a c t  f u r t h e r — a c e t a l d e h y d e  i s  
236n o t  r e l e a s e d .  I f  p r o t o n a t i o n  o f  t h e  " a c t i v e  a ld e h y d e "
i s  t h e  r a t e  d e t e r m in i n g  s t e p  f o r  r e l e a s e  o f  a c e t a l d e h y d e  
( f o r  e x a m p le ,  s e e  d i s c u s s i o n ,  p a g e  188) t h e n  t h e  p y r i ­
m i d i n y l  g ro u p  c a n  c a t a l y z e  t h e  r e l e a s e  b y  c o n c e r t e d  a d d i ­
t i o n  o f  t h e  amino t o  t h e  C-2 p o s i t i o n  on  p r o t o n a t i o n .  I n
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t h i s  r e g a r d ,  t h e  o x y p y r im id in e  o f  o x y th ia m in e  c a n n o t  s u b ­
s t i t u t e  f o r  t h e  a m in o p y r im id in e  o f  t h i a m in e  s i n c e  oxygen  
i s  a  p o o r e r  n u c l e o p h i l e  t h a n  n i t r o g e n ,  and  t h u s  t h e  o x y -  
p y r i m i d i n y l  g ro u p  c a n n o t  f u n c t i o n  a s  a  n u c l e o p h i l i c  c a t a ­
l y s t .
I n  c o n c l u s i o n ,  b a s e d  on t h e  c h e m ic a l  e v id e n c e  p r e ­
s e n t e d  i n  t h i s  d i s s e r t a t i o n  o u r  p r o p o s a l  f o r  t h e  t h i a m in e  
c a t a l y z e d  a c y l o i n  c o n d e n s a t i o n  i s  shown i n  F i g u r e  72. 
I m p o r t a n t  f e a t u r e s  o f  t h i s  m echanism  a r e :  1) t h e  c a rb e n e
n a t u r e  o f  t h e  d e p r o t o n a t e d  i n t e r m e d i a t e  and  2 ) n u c l e o p h i l i c  
c a t a l y s i s  by  t h e  p y r i m i d i n y l  g ro u p .  The c a r b e n e  n a t u r e  o f  
d e p r o t o n a t e d  t h i a m i n e  i s  s u p p o r t e d  by o u r  c h e m i s t r y ,  and 
t h e  c h e m i s t r y  r e p o r t e d  by  o t h e r  i n v e s t i g a t o r s ,  o f  t h i a ­
z o l iu m  s a l t s .  The r e a c t i o n  o f  t h e  t h i a m i n e  c a r b e n e  t o  
y i e l d  t h e  n o n - a r o m a t i c  e n o l  LXXXIX a v o id s  t h e  h i g h - e n e r g y
2 - ( 1 - h y d r o x y a l k y l ) - t h i a m i n e  s a l t  HET, and  e n s u r e s  a  h i g h  
c o n c e n t r a t i o n  o f  t h i s  " a c t i v e  a ld e h y d e "  a t  a n  enzyme a c t i v e  
s i t e .  A d d i t i o n a l l y ,  o u r  p r o p o s a l  f o r  t h e  m echan ism  o f  
a d d i t i o n  o f  t h e  t h i a m i n e  c a r b e n e  t o  p y r u v a t e  t o  y i e l d  t h e  
" a c t i v e  a ld e h y d e "  LXXXIX i s  shown i n  F i g u r e  74 . Of c o u r s e ,  
i n  e n z y m a t ic  s y s t e m s ,  k e t o n e  p r o d u c t s  su c h  a s  3 and  4 c a n ­
n o t  b e  p r o d u c e d  s i n c e  t h e  5 - ( 2 - h y d r o x y e t h y l )  s i d e - c h a i n  
i s  e s t e r i f i e d  by  p y r o p h o s p h a t e .  The s u l f u r  o f  t h e  t h i a ­
z o l iu m  r i n g  i s  u n iq u e  i n  t h a t  i t  s t a b i l i z e s  t h e  n o n -  
a r o m a t i c  c a r b e n e  b y  p r o v i d i n g  a  low e l e c t r o n  d e n s i t y  a t  
t h e  c a r b e n e  c a r b o n ,  w h i l e  s t i l l  p r o v i d i n g  a  h i g h  e l e c t r o n
LXXXIX ketone
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d e n s i t y  i n  t h e  t h i a z o l i n e  r i n g  o f  LXXXIX ( e n o l ) - - e n s u r i n g  
t h a t  t h i s  eneam in e  i s  a  r e a c t i v e  n u c l e o p h i l e .  T h is  l a s t  
p r o p e r t y  o f  s u l f u r  i s  p r o b a b l y  due t o  t h e  a b i l i t y  o f  t h e  
s u l f u r  a tom  t o  accom m odate s p 2  h y b r i d i z a t i o n  o f  t h e  o t h e r  
a tom s i n  t h e  t h i a z o l i n e  r i n g ,  t h e  same p r o p e r t y  o f  s u l f u r  
w h ic h  e n g e n d e r s  s u l f u r  h e t e r o c y c l e s  w i t h  i n c r e a s e d  arom a- 
t i c i t y  r e l a t i v e  t o  oxygen  and  n i t r o g e n  h e t e r o c y c l e s .
N u c l e o p h i l i c  c a t a l y s i s  by t h e  p y r i m i d i n y l  g ro u p  o f  
t h i a m in e  i s  i m p o r t a n t  a t  two s t a g e s  o f  t h e  a c y l o i n  c o n d e n ­
s a t i o n .  F i r s t ,  n u c l e o p h i l i c  c a t a l y s i s  i s  i m p o r t a n t  f o r  
t h e  t r a n s i t i o n  f ro m  t h e  a r o m a t i c  t h i a z o l i u m  r i n g  t o  t h e  
n o n - a r o m a t i c  c a r b e n e  by  p r o v i d i n g  a  n o n - a r o m a t i c  c a r b e n e  
p r e c u r s o r .  S e c o n d ly ,  t h e  p y r i m i d i n y l  g ro u p  c a t a l y z e s  t h e  
s lo w  s t e p  o f  t h e  a c y l o i n  c o n d e n s a t i o n  by p r o v i d i n g  a 
s t a b i l i z e d  n o n - a r o m a t i c  i n t e r m e d i a t e  w hose d r i v e  i s  f o r  
r e l e a s e  o f  t h e  C-2 s u b s t i t u e n t .  I t  i s  s i g n i f i c a n t  t h a t  
s t u d i e s  o n  t h e  c o n f o r m a t io n  o f  t h i a m i n e  a t  t h e  a c t i v e  
s i t e  o f  p y r u v a t e  d e c a r b o x y l a s e  by  S c h e l l e n b e r g e r  s u g g e s t
t h a t  t h e  p y r im id in e - a m in o  g ro u p  i s  j u x t a p o s e d  t o  t h e  C-2
9 1 c
p o s i t i o n  o f  t h e  t h i a z o l i u m  r i n g ,  p r o v i d i n g  p r o p e r  
a l i g n m e n t  f o r  t h e  f a s t  a d d i t i o n  o f  t h e  amino g ro u p  t o  C -2 . 
A d d i t i o n a l l y ,  t h e  amino h y d ro g e n s  o f  LXXXIX c a n  h y d ro g e n  
bond t o  t h e  t h i a z o l i n e  n i t r o g e n ,  t h u s  m a i n t a i n i n g  p r o p e r  
a l i g n m e n t  f o r  r a p i d  a d d i t i o n  o f  t h e  amino g ro u p  t o  C-2 
a f t e r  r e a c t i o n  o f  t h e  e n o l  w i t h  a s e c o n d  a ld e h y d e .  Of 
c o u r s e ,  many o f  t h e  t h e o r e t i c a l  c o n s i d e r a t i o n s  c o n t a i n e d
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h e r e i n  a w a i t  f u r t h e r  e x p e r i m e n t a l  v e r i f i c a t i o n .  N e v e r th e ­
l e s s ,  t h e  t h i a z o l i u m  r i n g  a p p e a r s  m ost s u i t e d  f o r  t h e  
c a t a l y t i c  f u n c t i o n  o f  t h i a m i n e  b e c a u s e  o f  i t s  d e l i c a t e  
b a l a n c e  b e tw e e n  a r o m a t i c i t y  and  n o n - a r o m a t i c i t y , and  t h e  
p y r i m i d i n y l  g ro u p  h a s  a p p a r e n t l y  e v o lv e d  t o  f u n c t i o n  a s  an  
i n t r a m o l e c u l a r  n u c l e o p h i l i c  c a t a l y s t .
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